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PREFACE

During the 1950's rapid progress was made in solar physics and in instrument and space
hardware technology, using rocket and balloon flights that, although of brief duration,
provided a view of the sun free from the obscuring atmosphere. The significance of data
from these flights confirmed the often-asserted value of long-term observations from a

spacecraft in advancing our knowledge of the sun's behavior.

Thus, the first of NASA's space platforms designed for long-term observations of the
universe from above the atmosphere was planned, and the Orbiting Solar Observatory
program started in 1959. Solar physics data return began with the launch of 0SO-1 in
March of 1962. 0S0-2 and 0SO-3 were launched in 1965, 0SO-4 and 0SO-5 in 1967, 0S0-6
in 1969, and the most recent, 0SO-7, was launched on September 29, 1971.

All seven 0SO's have been highly successful both in scientific data return and in per-
formance of the engineering systems. The gain to date in scientific knowledge amply
justifies the foresight of the early planners. 0SO lifetimes have been several years,
allowing long-term observations of solar and other galactic and extra-galactic events as
planned. This report describes 0S0-7, the seventh of the continuing series of Orbiting
Solar Observatories.
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Section 1
PROGRAM SUMMARY

This report describes the seventh Orbiting Solar Observatory (0SO-7, frontispiece) in the
continuing series designed to gather solar and celestial data that cannot be obtained from
the earth's surface. 0S0-7 was launched September 29, 1971. It has been highly successful
in returning scientific data giving new and important information about solar flare develop-
ment, coronal temperature variations, streamer dynamics of plasma flow, and solar nuclear
processes. 080-7 is expected to have sufficient lifetime to permit data comparisons with
the Skylab A mission during 1973.

The 0S0-7 is a second generation observatory. It is about twice as large and heavy as its
predecessors, giving it considerably greater capability for scientific measurements.

This section reviews mission objectives, flight history, and scientific experiments; des-
cribes the observatory; briefly compares 0SO-7 with the first six 0S0's; and summarizes
the performance of 0S0-7.

1.1 OVERALL ORBITING SOLAR OBSERVATORY PROGRAM OBJECTIVES

The general objectives of the 0SO program are to make observations and measurements con-
tributing to: '

. Determination of details of the sun's atmospheric structure, composi-
tion and physical state and the process of energy transport radially
outward and inward.

(] Determination of origin, energy supply, and solar/terrestrial con-
sequences of transient solar phenomena such as sun spots, flares,
radio bursts, and particle bursts.

[ Prediction of transient solar events and their consequences by com-
bining data with those from other spacecraft, rockets, balloons, and
ground-based observations. o

] Secondary objectives including study of the earth and celestial objects.

1.1.1 0SO _Program Flight Summary

Seven 0S0's have been launched successfully: the first in March 1962, and the latest,
050-7, in September 1971. All have met mission objectives and have been considered highly
successful. Many improvements have been made since the initial design, with a major
capability increase on 0SO-7. 0S0-7 is a considerably larger spacecraft than the earlier
050's. Improvements include a 300 percent increase in experiment payload capability, a

250 percent increase in power, a 200 percent increase in pitch gas supply, and a 300 percent
increase in spin gas supply;‘ Most of the improvements were in size and weight; the basic
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spacecraft operétion and most of the electronics remained the same. Thus the scientific
capability was substantially increased with no significant reduction in performance con-
fidence. 1Its excellent orbital performance has-shown that this approach was sound.
Table 1-1 summarizes these observations and their orbit performance to date.

1.1.2 0S0 Program Scientific Experiments Summary

Sixty solar and celestial scientific experiments have been flown to date. Measurements
have covered the spectrum from 1000 MeV through the X-ray, XUV, EUV, UV, photographic,
and IR to 30u. Proton, electron and neutron experiments have also been flown. The 0SO
wheel provides short term celestial scan, solar scan, and earth scan; the roll precession
of the spacecraft rotates the scan plane thus allowing complete celestial sphere coverage
in a few months. Table 1-2 lists organizations, principal investigators, spectral range,
and 0SO mission on which experiment was flown.

1.1.3 0S0-7 Program Objectives

The 0SO-7 instruments monitor X-rays, gamma rays, ultraviolet radiation, outer corona-white
light, and other emanations from the sun along with X-rays and high-energy charged particles
from the entire celestial sphere. Specific mission objectives are to:

] Obtain extreme ultraviolet spectroheliograms between 170 A and 400 K,
spectroheliograms in the 1.7 A to 2.5 X and 8 A to 15 & regions, and to
determine polarization of flare X-rays from 20 to 40 keV.

] Study, sequentially, the solar disc and inner corona in the extreme
-]
ultraviolet (170 X to 550 R) and outer corona in white light (3900 A
to 6500 A).

. Survey the entire celestial sphere for sources of cosmic X-rays in the
energy range from 1 to 60 keV with an angular resolution of about 0.1°,
and to perform spectral analysis in five broad energy bands.

o Perform a celestial sphere scan to determine the intensity, position,
and spectrum of cosmic X-ray sources in the 10 to 550 keV range, with
an angular resolution of 0.2°.

° Study solar X-ray bursts in the energy range of about 1.4 to 300 keV.

° Monitor intensity and line structure of solar gamma ray flux in the
energy range of 0.3 to 9.1 MeV.

1.2 0S0-7 PROGRAM ACTIVITY SUMMARY

The 0S80-7 program hardware consists of a qualification model observatory, a flight model
observatory, and the necessary flight spares. Many of the spares were carried over from

the 0S0-6 program. The program started in February 1969 and the observatory was launched
on September 29, 1971.
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The qualification model was mechanically complete with active pneumatics and attitude
control systems, and a functional antenna. All other equipment was modeled to reproduce
the mass properties of the flight observatory. - It was tested to prototype vibration levels
and underwent static load testing. Tests were also performed in the Launch Phase Simulator
at Goddard Space Flight Center. The upper structure was used as the test model for thermal
simulation verification testing, and served as a test bed for pointing control tests.

Testing of the qualification model resulted in cost savings over using a full prototype
observatory. That the tests were adequate.was demonstrated when the booster malfunction
occurred. The observatory structure was exposed to 8 g's as it tumbled at 55 rpm. This
unexpected stress did no apparent harm, since the observatory performance has been excellent.

The flight model observatory was fabricated, assembled, integrated with the experiments and
tested in the étandard manner. The only signifiéant problem encountered, an improper
surface treatment of the oriented section that produced poor adherence of the temperature
control paint, was solved by using the qualification model upper section structure (built
to flight standards) after it underwent proper treatment.

4During the launch on September 29, 1971, the booster lost pitch steering control during

the injection burn. The resulting final orbit, although elliptical rather than circular,
was adequate. However, the spacecraft was required to recover from the severe tumbling
motion imparted by the booster. After the observatory stabilized, its spin axis was nearly
along the sun line, rather than perpendicular to the sun line as planned.

Fortunately, this possibility had been considered in the design, which allowed for acqui-
sition from any attitude. Furthermore, a comprehensive contingency plan had been prepared
and practice runs had been made to prepare for potential launch anomalies. After eight
hours of data analysis and command control reactions, the observatory spin axis was pre-
cessed toward the proper solar orientation so the automatic control systems could take
over. The observatory batteries were nearly discharged during this recovery operation,
and it was feared that power would be exhausted before recovery. ' However, all spacecraft
systems except one inoperative tape recorder functioned normally. On this recorder, the
loop of tape passing over the record head (the only part of the tape not contained in the
reel) may have been thrown from its guides.

After the observatory was operating properly in its automatic control mode, the experiment
turn-on sequence was initiated. Experiment operations were verified; all performed as anti-
cipated. The only effects of the launch anomaly were the loss of one tape recorder and the
unexpected depletion of control gas used to orient the observatory. About one-third of the
pitch control gas was used, and about one-half of the spin control gas. However, the space-
craft has magnetic torquing coils for pitch and spin control as well as a conservatively
sized gas supply, so no serious reduction of in-orbit life is anticipated. The 319 by 571 km
final orbit (inclined 33.1 degrees to the equator) is predicted to last through 1974.

Experiment data acquisition, begun according to plan, showed immediate scientific results
practically from the first operational orbit. The data acquisition program has continued
with good results to date.
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Figure 1-1 shows the time phasing of the program activities from start until launch.
1.3 OBSERVATORY DESCRIPTION

1.3.1 General Arrangement

050-7 is a spin-stabilized "dual-spin" spacecraft with a solar-oriented despun platform
for sun-pointed instruments and the solar array. A rotating wheel stores angular momentum
and contains those instruments which do not require sun pointing. The solar-oriented
section or sail, is connected to the wheel by a despin drive unit called the azimuth drive
assembly. Figures 1-2 and 1-3 show the principal components and dimensions of the 0SO-7
observatory. Figure 1-4 shows the sail and wheel interfaced with the drive assembly,

The wheel structure is a cylinder divided into nine wedge-shaped compartments arranged
around an 18-inch center tube. The center tube contains the azimuth drive assembly and

the nitrogen spin gas supply vessel. This center tube mounts to the booster 18-inch attach
fitting. Four of the wheel compartments mount spacecraft components and five compartments
house wheel experiments. The slot antenna and its ground-plane skirt extend below the wheel.

The azimuth drive assembly, Figure 1-5, has two low-friction bearing assemblies, a drive
motor, and slip rings for transferring power and signals between the wheel and the sail.

The sail assembly consists of the elevation frame, beam assembly, and an open framework
which-mounts 5 solar cell array panels. Also included are the electronic, mechanical and
pneumatic components necessary for operation and orientation of the sail and pointed
experiments.

1.3.2 Scientific Instruments

The 0SO-7 orbited six scientific instruments and one engineering experiment. Most of the
instruments consisted of equipment for more than one experiment. The pointed instruments
are from Goddard Space Flight Center and the Naval Research Laboratories. Wheel instru-
ments are from the Massachusetts Institute of Technology, The University of California at
San Diego, and the University of New Hampshire. The engineering experiment is from Goddard
Space Flight Center.

1.3.3 Control Systems

The 0S80-7 has two basic control systems. The first system keeps the spin axis of the
observatory in a plane normal to the sun line and controls the spin axis position in that
plane. These motions are called pitch and roll. The second system biaxially orients

the pointed instruments relative to the center of the sun. These motions are called
azimuth and elevation. An additional system maintains spin rate, and another reduces
nutational coning motion of the spin axis.
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SPIN AND WHEEL (COMPARTMENT NO. 1)
ASPECT EYES

Figure 1-2 0S0-7 Configuration

Spin Axis Orientation. The spinning wheel stores angular momentum. The pitch control

gas system moves the spin axis by expelling gas. This precession of the spacecraft is
similar to the motion of a gyroscope. .Sun sensors measure the angular difference between

a line normal to the spin axis and the sun direction. When this angle becomes greater than
3 degrees, gas is expelled to precess the spin axis through 4 degrees to overcorrect the
error. The system can be manually operated.

The pitch attitude System can be used to roll the spacecraft about the sun line, aligning
the plane of the wheel in celestial coordinates so that a specific celestial target can be
Scanned by the wheel experiments. To roll the spacecraft, the sail pointing control system
is switched from solar orientation to a gyroscope (inertial reference unit) which maintains
the despun position of the sail. The gyroscope is commanded to rotate the sail 90 degrees

and hold it there. Pitch gas expulsion by command now causes precession about the sun line
which results in spacecraft roll.
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The observatory also has
pitch and roll magnetic
torquing capability. By
ground command, current
level through coils mounted

along and normal to the “
spin axis is adjusted to !
cause slow precession of 52 | Eourr
the spin axis. This system T__ (l
allows adjustment without : 5o i . TY s
; 2
using the expendable gas. o8 coueT
A nutation damper (a tuned L
pendulum bob in a fluid- :
be———roinTED EXP. 52,0 —— 9

filled case) removes the

coning energy of nutation .
caused by the biaxial ' l
pointed instrument control

system reaction torques on &7

the observatory. A gas 1 wl
system maintains the spin l

rate of the wheel to assure
that the tuned damper will
.operate near its maximum

33,3475

21,45
! , 22,201

: ___J | g sta.00
[ S— "SEPARATION PLANE

e

I
a

efficiency in removing

nutational energy. Spin

rate is not critical, so
this system reacts within NOTE. ALL DIMENSIONS iN (NCHES
a 15 percent wide dead band.
The system spins up the
wheel at one edge of the
dead band and spins it down
at the other edge.

The dipole moment reactions

of the pitch and roll coils Figure 1-3 0SO0-7 Dimensions

against earth's magnetic field

will cause spin rate changes as well as pitch and roll changes. The coils can therefore
be used as a backup to the gas spin rate controller as well as the gas pitch system.

Pointing Control System. The pointed experiments are biaxially oriented to the center of
the sun by azimuth and elevation servo controllers. .They use sun sensors for error sensing

and dc torque motors for positioning. The instruments can be made to point as much as
30 arc-minutes of angle away from the center of the sun on each axis. This is done by
current generator which adds simulated error.signals into the control loops.
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Either a fixed "offset point" mode
or a "'raster scan' mode can be used.
In the ''large raster'" mode, a

60 x 60 arc min raster of 64 lines
is produced every 8 minutes. In
the ''small raster'" mode, a 5 x 5

arc min raster of 16 lines can be éAu.ASSEMBLY
produced about any offset point
every minute. The offset point
capability provides a grid of
128 x 128 points over the 60 arc

min square centered on the sun

making it possible to point to any
of 16,384 selected positions with-
in 15 arc sec. The.pointing modes
and pointing positions illustrated AZIMUTH DRIVE ASSEMBLY
in Figure 1-6 are selected by ground
command in response to experiment

data evaluation. e T ———

— >
The gyro (inertial reference unit) WHEEL ASSEMBLY g [:
orients the sail in azimuth to ™ :===::==4========
within about one-third of a degree 5;;;;1 =§§S
of a desired direction. Torquing
signals applied to the gyro can be ANTENNA ASSEMBLY—
used to slew the sail at one-third A—”’::Dy
of a degree per second, and step A,,——//

the sail position in 3 arc-minute

increments.

1.3.4 Attitude Figure 1-4 Spacecraft Structural Breakdown
Determination

A number of aspect monitors are used to determine the attitude of the spin axis. The

pitch angle is monitored with a large-angle digital aspect sun sensor which has 1 degree

resolution over 180 degrees. This sensor is primarily for large angle initial acquisition

data. The pitch angle is also monitored by a fine sun sensor which has about 2 arc-minute

resolution over 11 degrees.

A magnetometer and sun blipper sensor, each rotating in the wheel, generate data from

which the wheel plane angle (a plane normal to the spin axis) is determined to about

Z degrees accuracy. The same sensors provide blip data from which spin rate is determined.

A star scanner, rotating in the wheel, generates star location data which is compared to a
star map giving spin axis celestial orientation to about 3 arc-minute accuracy. Instantaneous
wheel experiment look angle information is also generated.



)

F72-01
AZIMUTH SHAFT = ° i)
> ) ) ©
_ UPPER LABYRINTH
= @\ LAV © LUBRICANT SEAL
Q
LUBRICANT RESERVOIRS \\\ < _
° ‘ \§ UPPER BEARINGS
o \
&/\ ‘ AN
ADA HOUSING [\\ §, WHEEL HUB ASSY
3N \ \i >0
o § ‘ §.l'n\ NN
EMI FILTER § N Pt AZIMUTH TORQUE MOTOR
R
¢|\\ COMMUTATOR
PRE-LOAD SPRINGS o .
(8 PLAGES) it /\\_ BRUSH BLOCK
\’ii% LOWER BEARINGS

LOWER LABYRINTH

LUBRICANT SEAL
SLIP RING ASSY.

LUBRICANT RESERVOIRS

Figure 1-5 Azimuth. Drive Assémbly

The pointed position, relaﬁive to sun center, of the sun-pointed experiments is measured
by sun sensors. These sun sensors are separate from the control sensors but are mounted
in the same location. These sensors monitor azimuth and elevation pointing position with
about 1/2 arc-second resolution. ' '

1.3.5 Communications System

The 0S0-7 telemetry system samples, encodes, and telemeters spacecraft and experiment
data to the GSFC Satellite Tracking and Data Acquisition Network (STADAN) by means of a
PCM/PM telemetry system. This consists of a data handling system and an rf system.

2
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Sun-CenTERED PoINT MODE— PIA IS ORIENTED TO CENTER OF SOLAR DISK.

LARGE RASTER MODE— PIA SCANS SOLAR DISK WITH RASTER PATTERN HAVING
THE FOLLOWING CHARACTERISTICS:

; ] ® NORMAL RASTER-60 x 60 ARC MINUTE SIZE WITH 64 LINES 0.937
AE = ARC MINUTES APART; LINE SWEEP RATE IS 60 ARC MINUTES PER
] 7.68 SECONDS; TOTAL RASTER TIME IS 8 MINUTES, 11.52 SECONDS.

- 7 = 3 , ® INTERLACED RASTER—IDENTICAL TO NORMAL RASTER EXCEPT IS OIS-
== : PLACED DOWNWARD BY ONE-HALF RASTER INTERVAL AND IS ALTERNATED
S ] WITH NORMAL LARGE RASTER.

OrrFseT PoINT MODE— PIA CAN BE

ORIENTED TO ANY OF 16384 POINTS WITHIN A

128 x 128 POINT GRID (60 x 60 ARC MINUTES).
SMALL RASTER MODE—PIA SCANS PORTION OF SOLAR

DISK WITH 5 x 5 ARC MINUTE PATTERN CENTERED ON ANY
OFFSET POINT; CONSISTS OF 16 LINES 0.313 ARC MINUTES
APART; THE LINE SWEEP RATE IS 5 ARC MINUTES PER 3.84
SECONDS ; THE TOTAL RASTER TIME IS 61.44 SECONDS.

Gyro PoINTING MoDE (USED NORMALLY DURING NIGHT)-—THIS MODE CAN
BE USED TO ORIENT THE SAIL (IN AZIMUTH ONLY) TO WITHIN 24 ARC
MINUTES OF A DESIRED TARGET, AZIMUTH SCAN AT UP TO 0.33 DEGREES PER
SECOND, OR MOVE THE SAIL IN 0,05 DEGREE INCREMENTS.

NOTES] 1. POINTING MODES ARE ACTUATED BY GROUND COMMANDS.

2. SERVO POINTING MODES HAVE LONG TERM ABSOLUTE ACCURACY OF BETTER THAN 1 ARC MINUTE
AND RELATIVE ACCURACY OF ~0.25 ARC MINUTES; SHORT TERM JITTER IS LESS THAN 5 ARC SECONDS.

3. PIA = POINTED INSTRUMENT ASSEMBLY.

Figure 1-6 Pointing Modes

The data handling system is built around a 32-channel, 8-bit word digital multiplexer,
operating at 800 bits per second. It takes 27 channels of direct digital data, two from
two -48-channel analog subcommutators, and one from a 48-channel digital subcommutator.
Two channels are used for synchronization. There are also three 24-channel analog sub-
subcommutators. The digital multiplexer handles 270 total telemetry channels, 70 digital
words, 32 single bit monitors, 153 analog monitors, and 15 synchronization channels, The

data system also produces gating pulses to shift data out of experiment shift registers
and provides timing signals.

The data from the digital multiplexers are stored on tape recorders which are played back
by ground command over the STADAN ground stations. The tape recorders store data for 108
minutes and can be used serially, redundantly, or one at a time.

The data from the digital multiplexers are also transmitted in real time using 136.5 Hz,

700 mw transmitters. These transmitters feed a turnstile slot antenna having a gain of

greater than -8 dB for all aspect angles.

The telemetry link margin is +12 dB in playback
and +24 dB for real-time transmissions.
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The command system uses the same antenna as the telemeter, with a diplexer permitting
simultaneous operation. By means of a hybrid circulator, two command receivers operate

On the same frequency and feed tone-digital commands to seven 70-command decoders. The
490 available commands are largely redundant; 282 commands are actually used. 0S0O-7 has
never accepted a spurious command signal. This security results from a command enable
timer which will allow command access for only 1.5 seconds after a proper address followed
by a command-enable command. The command system link margin is +11.5 dB for 95 percent
Coverage and +2.5 dB for 99.7 percent coverage.

1.3.6 Power System

The power system for 0SO-7 consists of a solar array, a nickel-cadmium battery, and power
control and distribution circuits. The solar array is made up of five identical panels,
each about 16 x 18 inches and containing 180 2 x 5 c¢cm N on P solar cells. A single panel
produces approx1mately 20 watts so that the total array output is 100 watts. The battery
is made up of four 14-cell strings. Each string stores 4 ampere-hours for a total capacity
of 16 ampere-hours. The cells are in eight packs of seven cells each.

Power control is provided by an undervoltage switch, a set of dummy loads for charge control,
and various power switches that prOV1de for day/night switching and on/off switching of
spacecraft equipment and experlments The power distribution system provides continuous,
launch, day, night, and 15-volt regulated buses for the observatory The distribution
harness separates noisy and quiet lines, and provides single point grounds in the wheel

and the sail. Array output and observatory load currents are monitored to determine the
dummy loads required for battery charge current limitation.

1.3.7 Thermal Control

The 0SO-7 observatory uses passive surface treatment for thermal control. In all, 17
different surface preparatioﬁs are used for temperature control. However, four surface
treatments are used on the majority of the surfaces. These are a white paint with
absorptivity of 0.26 and emissivity of 0.82; a flaked aluminum pigment paint with
absorptivity of 0.42 and emissivity of 0.47; gold plate; and aluminum tape. An acid etch
finish on the aluminum structural parts is the principal interior finish throughout the
observatory wheel. The passive treatment keeps the observétory components within an
acceptable temperature range as the geometry of the spacecraft, earth, and sun changes,
as the spacecraft passes through its orbit day/night cycles, and as electrical power
dissipation changes.

1.3.8 0S0-7 Comparison with Previous 0SO's

To put the capability demonstrated by 0S0-7 in perspective with the capability demonstrated
by earlier 0SO's, Table 1-3 compares a number of the more important parameters.

Table 1-4 compares the weight distribution of 0SO-7 and 0SO-6.
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1.4 MISSION PERFORMANCE
After one year in orbit, all spacecraft -systems .are operating normally except for one of
the redundant tape recorders which was damaged during the launch sequence. This section

gives brief descriptions of the performance of spacecraft subsystems.

1.4.1 Spin Axis Orientation

The observatory spin axis was initially oriented near the south ecliptic pole for several
weeks. The spacecraft was then rolled with the magnetic torquing coils to move the spin
axis direction to the north galactic pole by mid-December. For the next few months, the
spin axis remained in the north ecliptic hemisphere.

1.4.2 Control System Performance

The spin control system has operated normally. After the initial launch sequence, the
spin gas supply pressure was 1540 psi. (About half of the initial quantity of gas was
used in recovery from the tumbling orbit injection.) The pressure declined 450 psi while

Spin rate adjustments have been made both by the on-board control system and manually with
the command system 1ink. Both systems functioned properly.

The pitch control System has operated normally. After the initial launch sequence, the
pitch gas supply pressure was 2200 psi. (About one-third of the initial quantity of gas
was used in recovery from the tumbling injection.) The spin axis roll maneuver to the
North Galactic Pole dropped the pressure to about 1950 psi. Since that time, pitch
corrections have been made almost entirely with the magnetic torquing system. Both
manual and automatic pitch bursts were used, both systems functioning properly.

The sum of nutation and wobble motions of the spin axis is less than 3 arc-minutes.
Nutation amplitude declines to less than 1 arc-minute in a few minutes after raster mode
changes cause as much as 18 arc-minute amplitudes. Therefore, the accuracy of the pre-
launch balance process and the effectiveness of the passive nutation damper are excellent.

The biaxial solar pointing control system is workihg well. The combined jitter and one-
orbit drift have been within one to two arc seconds. The effects of earth light disturbance
on the sun sensors at dawn and dusk is clearly discernible, but amounts to little more than
the random drift and jitter effects during the orbit. No Changes in shaft torques have been
noted, indicating that bearings, slip rings, and torque motors are not degrading. .The large
raster, small raster, and offset pointing modes are all working well.

A minor difficulty has been experienced with the vernier bit in the raster offset system.
This feature offsets alternate large raster patterns to effectively double the raster
resolution. Occasionally the raster offset intended does not occur, producing the effect
of reducing the offset indexing resolution from 0.3 arc-minute to 0.6 arc-minute.

1-15
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The gyro system, which orients the despun solar platform inertially, has performed in a
satisfactory manner. After on-orbit determination and command adjustment of the proper
setting for the gyro internal heater and corresponding gain setting, the gyro offset and
drift was calculated using the star scanner data. After command adjustment of drift
compensation, the drift was less than 0.1 degree per hour. The star scanner, used to
determine the observatory spin axis attitude and instantaneous position of the rotating
wheel, has performed well, attitude determinations being made to about 3 arc-minute
accuracies. The South American anomaly region radiation causes errors in the star scanner,
but does not damage the device and recovery is rapid, taking only a few seconds after
leaving the region.

1.4.3 Power System

The power system has performed as expected with no measurable degradation. Operational
methods were developed for command adjustments to keep dummy loads trimmed to limit
battery charge rate at a level which prevents battery cell string unbalance; a level just
sufficient to allow full charge to be reached at the end of the orbit day. Battery
voltage is kept between 17.3 and 19.8 volts by this procedure. Solar array output and
operating temperatures agree closely with predicted values. No array temperatures over
60°C have been obsérved, and the orbit noon temperatures have consistently been less than
55°C.

1.4.4 Communications System

The data handling and telemetry system functions normally. The surviving tape recorder

has been operated continuously with no evidence of degradation. The most probable end of
continuous scientific data acquisition will be due to loss of the remaining recorder. The
recorder has operated beyond the one year in orbit design criteria, and it is probable

that considerable further life will be realized. Much useful data can still be received
after the tape recorder dies, since real-time data can be acquired at all the STADAN ground
stations.

The command system has performed well with 99.1 percent of all intended commands being
executed. One reason for some of the lost commands is attempts at commanding when the
observatory is below 10 degrees elevation angle. However, some commands have been lost
.with the observatory in very favorable position. Even though this loss is small, it has
caused inconvenience to experimenters Tequiring sequences to set up experiment modes.

O0f equal significance to the high intentional command success ratio is the fact that the
command system has not allowed or created a single unintentional or spurious command. The
improvements made on 0SO-7 in command security have been 100 percent successful. Command
and telemetry signal strengths have been nominally as expected, and there have been no
problems with data acquisition.
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1.4.5 Thermal Control

The passive thermal control techniques used on all previous 0S0's were continued on 0S0-7.
Almost all monitored temperatures have been within predicted ranges. A few minor varia-
tions from prediction have been measured, but all operating temperatures have been within
the temperature ranges used for testing. One of the most important temperatures, relative
to orbit operation, is that of the solar array. The solar array output is a quite critical
function of temperature. Therefore, accurate pre-launch prediction of array operating
temperature is essential. The temperature of the solar array has been as predicted, pro-
viding power output within about 1 percent of the predicted value.

1.4.6 Launch Sequence

Ordinarily, the launch sequence "system" is of little interest after launch for the Delta
vehicle due to its excellent performance record. For the 0S80-7 observatory launch, however,
the booster system misbehaved and created an interesting situation for the spacécraft.
During the normal launch sequence, the solid motors are jettisoned, and the second stage
separates and ignites. Then the fairing is jettisoned and the 0SO sail section is spun

up to provide angular momentum for stabilization when the observatory is later separated

in orbit. After second stage engine shutdown, the second stage and cbservatory coast to
orbit altitude.

When orbit altitude is reached, the second stage engine is ;estarted to give the observatory
the necessary orbit injection velocity. After second stage engine cutoff, the observatory
is separated. After separation, the spinning sail begins to slow down as it acquires the
sun, transferring the sail stored angular momentum to the wheel. At the same time, the

spin gas system adds angular momentum to the wheel so that the wheel spin rate reaches

that desired for orbital operation. '

If the sail or the wheel does not spin up automatically, recovery from either of these
anomalies can be made by ground command. The observatory can be made to acquire the sun
from any angle to the sun and from any initial spin rate.

The 0S0-7 launch was completely normal up to and including second stage restart. After
second stage restart, the booster lost steering control and tumbled end over end at about
55 rpm. The centrifugal force on the spacecraft bearings increased bearing friction and
the spinning sail quickly slowed and stopped. The observatory was then separated in this
condition, but fortunately with sufficient velocity and in a direction to achieve a useful
orbit. The angular momentum vector with the spacecraft tumbling was perpendicular to the

normal spacecraft spin axis.

The details of recovery from this situation are given in Section 2. In summary, the space-
craft stabilized itself initially in about an hour and was then spinning about its proper
spin axis at about 56 rpm with the spin axis about 71 degrees away from perpendicular to the
sun line. The spacecraft sail was stopped by using the gyro, which allowed the pitch system
to be used to preceés the spin axis to the sun. This took several orbits, due to the
limited real-time access to the spacecraft data and command link over ground stations.
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The stored battery energy was very nearly depleted just as the pitch maneuvers got the

spin axis close enough to perpendicular to the sunline so that automatic control could be
assumed by the observatory and battery charging.could be started. If a quite comprehensive
contingency plan had not been prepared and practiced prior to launch, it is unlikely that
the observatory could have been extricated from the difficulties caused by the tumbling

orbit injection.



F72-01

Section 2
HARDWARE PERFORMANCE

2.1 IN-ORBIT OPERATION

The status of the 0SO-7 spacecraft after 9 months in orbit is as follows: All spacecraft
subsystems are operative except the redundant tape recorder which was damaged by the
tumbling vehicle. Minor difficulties have been encountered with the vernier offset bit

in the raster offset system, evidenced by a small shift in the indexing of the raster and
offset point grids. These defects have been eliminated by avoiding the use of the vernier
bit. This limits the resolution of the commandable offset indexing to about 0.6 arc-

minutes instead of 0.3 arc-minutes.

2.1.1 General Long-Term Performance

The spin axis of the spacecraft was pointing almost directly at the south ecliptic pole
after the initial launch acquisition, somewhat different than would have been the attitude

with a normal launch sequence.

As shown in Figure 2-1, the spin axis remained pointed near the south ecliptic pole for
several weeks. Then the spacecraft was caused to drift in roll so the spin axis was
oriented to the north galactic pole by December 18th. This roll maneuver was achieved

by using the roll magnetic torquing coils. The use of these coils also applied spin
torques and spin gas was consumed in maintaining the wheel spin rate within the automatic
control limits.

The wheel spin rate and the spin gas pressure history are shown in Figure 2-2. At the
end of the initial launch sequence, the spin gas pressure was about 1540 psi. Another
450 psi of gas was used in the roll maneuver to the north galactic pole. Virtually no
spin gas has been used since this maneuver was completed.

Spin rate corrections were made using both manual spin control via the command system and
by the automatic on-board spin rate control system. Both systems function properly.

The pitch attitude of the spacecraft has been controlled almost exclusively by magnetic
torquing using the pitch coil. The coil status, the corresponding pitch angle, and the
pitch gas pressure are shown in Figure 2-3. Both manual and automatic pitch bursts were
used to keep the pitch angle within 3 degrees. Use of the pitch coil was somewhat
restricted dufing the roll maneuvers, since it also exerts roll torques, and to increase
the rate of roll correction, pitch gas was used instead of magnetic-torquing.

Figure 2-4 shows the spacecraft bus voltage, load current, and solar array current. The
points on these plots, as are all the long-term data points, are taken at noon in each
orbit. Variations in the loading, solar intensity, solar array temperature,—and battery
state-of-charge cause scatter in the power system data.
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Wheel Spin Rate and Spin Gas Pressure History
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There has been no perceptible degradation in the power system performance over six months
in-orbit. Figure 2-5 shows the integrated solar array power for five orbits during the
first six months of orbital life. The output of the array, over 75% of the daylight
portion of the orbit, is about 97 1/2 watts. These plots have been adjusted for the
effects of solar intensity, and the data was taken at times when the roll position of

the spacecraft was similar, so that the array temperatures were about the same.
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Figure 2-5 Solar Array Energy Developed During Orbit Revolution Nos. 225, 274, 665, 892, 1905

The motor torques on the elevation and azimuth axes have shown little change over the life
of the spacecraft as indicated by the noon-time values shown in Figure 2-6.

The solar array temperatures shown in Figure 2-7 are influenced by many factors. The
temperature data is scattered because of the length of the orbital day, the roll attitude
of the spacecraft, the solar intensity, and the position of the spacecraft relative to
earth as affected by the orientation of the orbital plane. No solar array temperatures
over 60°C have been observed. The noon-time temperature of the array panels at the point
of monitoring is consistently less than 55°C. Temperature profile data is given in
Section 2.1.7.
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2.1.2 Attitude Control System

Figure 2-8 indicates the behavior of the spin axis as the spacecraft comes into orbit
day, and acquires in elevation. During this orbit the spacecraft was in the small Taster
mode, and the nutation of approximately 0.8 degree peak-to-peak at the beginning of orbit
day is caused by the momentum disturbance as the elevation drive moves the pointed instru-
ment assembly off its snubber, overcoming the bias spring, and into pointing position.

PITCH ANGLE
20
10—
0°
—— ORBIT DAY
| [ | l |
0 15 30 45 60 75
TIME - MINUTES

Figure 2-8 Spin-Axis (Pitch) Motion After Dawn Acquisition (Gyro Control During Night-Orbit

Revolution No. 968)

In Figure 2-9 the spacecraft was in the small raster mode for approximately 1/4th of the
orbit, then changed to a large raster mode. This caused an increase in the nutational
amplitude as the instrument was reindexed to begin the large raster.

The remaining part of the orbit with the spacecraft in the large raster mode, demonstrates
that the movement accompanying large raster retrace has negligible effect on the nutation
amplitude. The residual spin axis motion of about 0.1 degree peak-to-peak is caused by
misalignment of about 3 arc-minutes between the inertial axis of the wheel and the azimuth
bearing axis. This is an indication of the accuracy with which the spacecraft was aligned
and dynamically balanced.
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Figure 2-9 Pitch Motion During'Changes in Pointing Modes - Orbit Revolution No. 846

2.1.3 Solar Pointing Control System

Figure 2-10 shows telemetry records of the azimuth and elevation fine point sensors. The
telemetry system resolution is about 1 1/2 arc-seconds. The jitter amplitude is less than
1 1/2 arc-seconds peak-to-peak.

The pointing control stability in the sun centered mode is about 3 arc-seconds peak-to-peak,
including medium-term drift over 90% of the orbit day. For a few minutes at the beginning
and end of an orbit day, there is about 6 arc-seconds of shift, as scattered light from the
earth enters the control eyes.

Table 2-1 lists the misalignment of the readout eyes and the pointed instruments relative
to the control system null points. The pointed instrument axes were determined by examina-
tion of in-orbit data generated by the instrument detectors, as the pointing control
scanned features of the sun. Instrument alignment errors were essentially removed by the
data reduction process which reconstructs the instrument raster in coordinates referenced
to the limb of the sun.
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Figure 2-10 Pointing Control Performance Read-Out

gyro may be adjusted by ground Sensor Output - Orbit Revolution No. 75

command to achieve the proper system
gain for the overdll azimuth control loop.

Table 2-1
POINTING ALIGNMENT RASTER

Control Eyes Fine Readout Eyes Raster Readout Eyes NRL GSFC

Azimuth 0 +(L)13 arc-sec -(R)0.9 arc-min +(R)0.5 arc-min

Elevation 0 -(D)12 arc-sec -0.1 arc-min +(U)0.1 arc-min

The initial on-orbit checkout of the gyro system was directed at determining the proper
setting for the internal heater and the corresponding gain setting for the gyro to achieve
drift-free and accurate control by the gyro. The gyro is also equipped with drift and offset
compensation to permit the removal of steady-state bias errors or to buck out the drift
components.

The heater set point was determined experimentally during Orbit 24 and again in Orbits 135,
142 and 155. This was done by observing the temperature range of the gyro at different set
points of the heater. From this data, a gyro temperature was selected for which the per-
formance was predictable and satisfactory.

Initial in-orbit adjustments in the gyro drift and offset compensation were made by observing
the readout of the scan readout eyes with the gyro operating during the day. Later, the gyro
offset and drift was calculated by comparing the inertial position of the pointed instruments
relative to the stars as measured by the azimuth shaft blipper and the star scanner.

Figure 2-11 shows early gyro drift data obtained over a 30 minute period during Orbit 225.

The drift was about 0.23°/hr. Subsequently, command adjustment of the drift compensa-
tion reduced drift to less than 0.1°/hr.
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2.1.5 Attitude Determination-

Star Scanner Performance

The star scanner permits determination
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known star locations.
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The principal on-orbit adjustment of
the star scanner involved the experi-

mental determination of a gain setting
for the star scanner which yielded a Figure 2-11 Typical Gyro Azimuth Drift (Orbit
sufficient number of intercepts, Revolution No. 225) Measured Relative
but was low enough so that false to Stars Observed by Star Scanner
triggering did not occur. Figure 2-12
shows the results of in-orbit operations compared with the predicted values for sensitivity

to various star magnitudes.

During the early weeks of.operation, various improvements were made in the data reduction
program to increase the accuracy and accommodate -the data generated by the star scanner

in-orbit. Figure 2-13 shows the data processing statistics for a typical orbit. The same
data was processed first by the data processing routine developed before launch and again

’

by an improved routine.

The roll covariance plotted in the bottom chart of Figure 2-13 is indicative of the residual
error in the attitude, calculated by matching the star sighting data with the star catalog.
This residual error does not include random errors introduced by the hardware or other
portions of the data reduction. These may add several hundredths of a degree. The overall
accuracy of the attitude determination is better than 0.1 degree.

Other tests were conducted to determine whether the radiation levels present in the South
Atlantic anomaly had any serious effect on the star scanner. While the South Atlantic
anomaly evidently causes increased hardware errors while the spacecraft is in the region
of high radiation, no apparent permanent damage is done and the recovery is quite rapid

after leaving the anomaly.

The star scanner was also operated during the daylight portion of the orbit. Star crossings
were observed and the software was able to calculate the vehicle attitude based on a limited
number of sightings of brighter stars in the presence of sunlight. The star scanner was not
intended to be used during the daylight portion of the orbit and its discrimination may not

be adequate for routine operation under these conditions.
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Figure 2-12 Star Scanner Sensitivity
2.1.6 Electrical Power System

During orbital operations, battery charge is controlled by adjusting the dummy loads in the
spacecraft or turning off solar array panels by command so that the energy provided to the
batteries is just sufficient to enable them to reach full charge at the end of orbit day.

Figure 2-14 shows the battery current and bus voltage for two early orbits. During

orbit 76, the batteries became overcharged before the end of orbit day, as indicated by
the bus voltage increase. During orbit 318, the battery charge was held normal by dis-
connecting a solar panel, producing a sharp drop in charge current. Bus voltage remained
under 20 at the end of orbit day and above 17.5 through orbit night.

After a few days of orbital operation, methods were developed for trimming the dummy loads
so that the bus voltage remained between 17.3 and 19.8 volts. Subsequent operation was
satisfactory, as long as major changes in electrical loads were compensated for by adjusting
the appropriate dummy loads.
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One other effect which became apparent during and after periods of overcharge was that the
cell balance monitor indicated some unbalance in the strings of battery cells. Usually this
effect was not permanent and when the power system was returned to normal operation, the
monitors again indicated a balanced condition.

Some unbalance still remained in battery string No. 4. Therefore, this battery string was
removed from the system for several weeks, and only reconnected for periodic charging.

Subsequently, its unbalance decreased and it was returned to service with no ill effects.

2.1.7 Thermal Control System

Table 2-2 compares the flight temperatures for Orbit No. 77 with the analytical predictions.
The average temperatures of all observatory wheel components are within 5°C of the predicted
values.
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Table 2-2
PREDICTED FLIGHT TEMPERATURES AND ORBIT NO.

Name

Despin Drive

Despin Drive

Wheel Hub

Spin Gas Bottle

Rib Comp No. 7

Upper Left Solar Panel
Lower Left Solar Panel
Left Trunnion

Sail Analog Subcommutator
Power Amplifier

Servo Amplifier

NRL (Fore)

NRL '

NRL (Mid)

NRL

NRL

NRL (Eyeblock)

GSFC (Fore)

GSFC

GSFC (UV) Slit

GSFC (Mid)

GSFC (Aft)

Sail Analog Sub-Subcommutator (Left)
GSFC - Thermal Monitor
GSFC - Thermal Monitor
Pitch Gas Bottle (Right Aft)
OIRU (TG Temperature)
OIRU MountingFlange
Antenna

Batteries Comp No. 1
MIT (Power Converter)
MIT (Base Plate)

MIT (Cal. Actuator)
MIT (Memory)

MIT (Lower Detector)
MIT (Upper Detector)
Deck Compartment No. 4
Cover Compartment No. 4
Deck Compartment No. 7
Rim Compartment No. 7
UCSD-S

UNH (Electronics)

UNH (Detector)

Max

17.
17.
13.
12,
12.
67.
63.
20.

8.
16.
21.
18.
18.
17.
17.
17.
22,
30.
30.
28.
28.
28.
24,
23.
23.
19.
44,
31.
12,
14.
17.
17.
17.
17.
17.
17,
1le6.
13.
13.
17.
10.
13.
13.

2-13

00 00 ~ W~ £ 00 UL U LT LT O N R R VNN OO OO 0 B 000 W

Prediction

Nom Min
17.1 17.
17.1 17.
12.9 12.
12.3 12.
12.2 11.
38.4  -28.
43.5 1.
19.8 19.
2.6 -4.
15.5 14.
20.2 18.
18.1 17.
18.1 17.
17.3 16.
17.3 16.
17.3 16.
20.1 16.
29.2 28.
29.2 28.
27.9 27.
27.9 27.
28.0 27.
21.0 17.
21.0 18.
21.0 18.
15.3 11.
39.5 34,
25.7 17.
10.6 8.
13.8 13.
16.5 15.
16.5 15.
16.5 15.
16.5 15.
16.5 15.
L 16.5 15.
16.3 16.
12.4 11.
13.4 13.
11.8 4.
10.3 9.
13.6 13,
13.6 13.

77 FLIGHT DATA

Temperature,

H OB O U1 H VO OO VOO Oy U N WWNO MW TY VW RO 0O N W UNNO OO

Max

18.5
16.2
12.5
13.2
14.1
52.9
57.2
20.4
13.0
31.0
19.6

°C
Flight Data
Nom

18.4
16.2
12.2
11.7
12.5
28.9
36.8
19.4

8.4
29.2
18.7

13.3

Min
18.0
16.2
11.3
12,5
10.9
-21.3
3.7
18.1
1.5
27.0
17.7

10.8
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The average temperatures of all but four spacecraft sail components (excluding instruments)
are within 5°C of the predicted values.

Other flight data from the hottest orbit No. 1178, with a sun-line to orbit plane angle (R)
of 56.5 degrees shows only two temperature-sensitive components, the sail analog sub-
commutator (SASC) and sub-subcommutator (SASSC), that are hotter than their analytically
predicted acceptance temperatures (SASC too hot by 5.7°C and SASSC too hot by 2°C). All
components perform within their qualification temperature limits as predicted by analysis
and Thermal Balance Test.

Figures 2-15 through 2-18 are profile plots of the component temperatures observed during
Orbit No. 77. For this orbit, the 8 was 29° and the solar constant was near the mean value.

2.1.8 Communications System

The data handling and telemetry system continues to function normally after 12 months
in-orbit. The single surviving tape recorder has been operated continuously, with no
evidence of degradation.

Command Execution. As of 1 October 1972, after twelve months in orbit, 120,503 commands

had been transmitted. The length-of-pass time for sending commands is somewhat reduced
when orbital perigee occurs over a ground station; in some cases, to lengthen the pass time,

commands have been transmitted at elevation angles less than 10 degrees.

0f the 120,503 commands transmitted, all but 1210, or 99.0 percent were executed. A total of
156 of the 1210 missed commands occurred at low elevation angles. At normal elevation

angles, 99.1 percent of the commands were successfully executed. There has been no evidence of
commands executed which were not transmitted (spurious command response).

Data Recovery. During the first year of orbital operation, all but about 2.3 percent
(190 hours) of the data were recovered. The main cause of lost data was the absence of
the Lima, Peru station which left a gap in the data recovery pattern. If both spacecraft
tape recorders had been operable, this difficulty would have been circumvented by using
the recorders in the serial record mode.

About 13 hours of data (0.1 percent) were lost due to communications difficulties, operator
errors, and conflict with higher priority activities.

2.2 LAUNCH PHASE PERFORMANCE

Final prelaunch preparations took place on the morning of September 28, 1971, and the vehicle
was prepared for a liftoff at 0945 GMT. Data from the spacecraft was received at the
Orbiting Solar Observatory Operation Control Center (0SO 0CC) prior to liftoff; the status

of the spacecraft was as listed in Table 2-3,
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Table 2-3
SPACECRAFT PRELAUNCH STATUS

Spin Gas Pressure - 2952 psi
Pitch Gas Pressure - 2931 psi

Battery Voltage - 19.1 vdc

Spacecraft Load Current - 0.76 amps

Tape Recorders - Both on and recording in manual mode
Temperatures - Between 21.6°C (despin drive) and 24.8°C (compartment no. 4 deck)
Gyro Power - OFF

Spin - Manual

Pitch - Manual

Solar Panels - Enabled

Dummy Loads - OFF

Undervoltage Turn-On Disabled

SORE Alternate - Encoder Enabled

2.2.1 Launch Sequence

The intended spacecraft launch sequence events are shown in the upper trace of Figure 2-19.
When the vehicle fairing is ejected, the spacecraft aiimuth servo is energized and placed
in a mode which spins up the sail to about 40 rpm. The sail continues to spin through the
coast phase, second stage restart, and orbit injection,

After the second-stage burn is terminated, the spacecraft is separated from the launch
vehicle. The angular momentum of the spinning sail stabilizes the spacecraft against
normal tip-off rates occurring during separation.

When the spacecraft is separated from the launch vehicle, the injéction attitude is con-
trolled so that the spin axis is perpendicular to the line of sight of the sun within

10 degrees. The azimuth servo is automatically switched to the sun-pointing mode and the
sail begins to despin under control of the coarse azimuth solar sensors. Gas is also
released from spin-up jets on the wheel for about 180 seconds to bring the wheel up to its
normal operating spin rate of about 30 rpm. In the meantime, the sail has despun and
acquired in azimuth and if the pitch axis is more than three degrees from perpendicular
to the line-of-sight to the sun, the automatic pitch system precesses the spacecraft to
reduce the pitch error. '

Upon acquiring the sun in azimuth an on-target signal from a solar sensor releases the bob
of the fluid-filled nutation damper and unlocks the elevation gimbal so that the pointed
instruments are free to move under the control of the elevation servo.
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Figure 2-19 Nominal and Actual 0SO-7 Launch Sequence

Actual 0S80-7 Launch Sequence. The actual launch sequence events for 0SO-7 are shown in the
lower trace of Figure 2-19 and tabulated in Table 2-4. Lift-off was followed by completely
normal vehicle and spacecraft behavior through the boost phase, fairing ejection, sail
spin-up, and the coast phase.

Soon after the second-stage engine was reignited to provide thrust to achieve orbital
velocity, a vehicle malfunction caused the second stage to begin tumbling. At the comple-
tion of the second-stage burn, the tumble rate was about 55 rpm.

The longitudinal acceleration at the spacecraft due to the tumbling motion was about 8 g's,
increasing the axial thrust loading on the spacecraft azimuth shaft bearing to about 3600
pounds. The spinning sail, constrained from precessing by the much larger angular momentum
of the vehicle, came to a stop within a few seconds. The sail spinup circuits delivered

full drive current to the azimuth motor in an attempt to increase the sail-to-wheel spin
rate to a normal value.
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Table 2-4
LAUNCH EVENTS

Lift Off. 0S0-0CC receiving data from Ft. Myers.
Fairing ejection and sail spin-up. The sail spin rate increased to 24.3 rpm,

Antigua AOS. Data was of poor quality and the 0SO-OCC could not obtain PCM
lock throughout the pass.

Ft. Myers LOS
Antigua LOS

Ascension AOS. Data received indicated the sail spin rate had increased to

42.9 rpm.

Telemetry detection of second stage restart. After second stage burn was
completed, the relative spin rate between the wheel and sail decreased to

g rpm. Azimuth motor current increased from 0.2 amps to 0.78 amps, indicat-
ing motor was attempting to increase sail spin rate.

Joburg AOS

Ascension LOS

Telemetry detection of separation from the launch vehicle. Spin rate could
not be determined from telemetry data. AGC reading at ground station in-
dicated wheel spin rate was approximately 63 rpm.

First reading of large-angle pitch readout. Readout indicated +71° pitch.
Spin gas stopped depleting. 500 psi of gas was used. The pitch readout

continued to increase until a reading of +85° with nutation nulls of 26°
peak-to-peak was detected.

After completion of the second stage burn, the roll control system on the booster continued
to function and maintained the vehicle roll (motion about the longitudinal axis) rate near

zero. Therefore, the spacecraft-vehicle rotated about a vehicle transverse axis with very

little nutation.

Separation Dynamics. The dynamic motion of the spacecraft immediately following separation

from the vehicle occurred in two phases. During the first phase, the spacecraft began

tumbling about a transverse axis through its center of mass. Simultaneously, gas was

automatically released from the spinup jets on the wheel, changing the momentum of the
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system and partially erecting the spacecraft. In the second phase, spinup torques were no
longer present, and the orientation of the total angular momentum vector remained essentially
constant. The elevation caging was released and the nutation began to decay as energy was
dissipated by the elevation gimbal suspension.

Spin torques applied about the axis of the wheel produce widely varying attitude motion
depending on the orientation of the original tumble axis relative to the transverse
principal inertial axes, and the relative difference (asymmetry) between the transverse

moments of inertia.

While spinup torques are applied, the wheel does not rotate appreciably about its axis of
maximum moment of inertia (spin axis). Instead, it oscillates through a fraction of a
revolution. This explains the absence of data from the pitch angle solar sensor during
most of the wheel spinup period, as shown in Figure 2-20.

When spinup torques
ceased, the space-
craft motion approx-
imated that of a +90
disk-shaped body, 85
rotating with large 80
: PITCH ATTITUDE
nutation. Data 75 AFTER NUTATION DECAY »
from the pitch ~12:00 HRS, GMT
) 70 i
attitude sensor are o HIV%QON
shown on th GIMBAL
Jown on the upper 2nd STAGE BURN WHEEL SPIN-UP  |UNGAGED | e o |
right of Figure 2-20. 60 - v A
A
By the next station 2 55 SEPARATION L
pass, about 1-1/2 §
hours 1later, the a 50
spacecraft was W45
<D
spinning about its 2 40 50
normal spin axis and =
. ~ 35 ° 40 =
the nutation half- = a
angle was about 1 30 ! 30:“
degree. The pitch 25 - X g ix X 20 5
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X. a
the sun was 71 20 of ¢ ] o po X XPE 10w
. . . o ° X X .
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momentum vector was 2 14 6 18 1020 22 24 26 | 28 | 1030
about 19 degrees GMT TIME - HOURS: MINUTES
from the antisolar
direction.

Assuming the orienta- Figure 2-20 Pitch Attitude and Spin Rate Data

tion of the momentum

vector relative to the sun did not change after spinup gas termination, the geometry
affecting pitch attitude readout is that shown in Figure 2-21. When the spacecraft is

in a pure tumble about a transverse axis, the line of sight to the sun traces out a cone,
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with half-angle of 19 degrees,
centered about the tumble axis.
As the nutation angle decreases,
the sun cone intersects the
sensor readout plane at different
pitch angles. The pitch readout
sensor will generate data only
when the wheel azimuth position
is such that the sensor field-of-
view plane intersects the sun
cone; this occurs when |¢]| < 19
degrees. The attitude sensor
geometry and the relationship
between the angular momentum
vector and the line of sight

to the sun restrict the pitch
readout angles to those shown

in Figure 2-22.

Using this graph to interpret
the pitch-angle data in the
upper right part of Figure 2-20,
reveals that the spacecraft
became partially erected during
the few minutes following
separation, and the nutation
half-angle was reduced to less
than 20 degrees.

2.2.2 Recovery
Operation

The telemetry data, space-
craft modes and the command
groups transmitted during the
recovery operation are indi-
cated on Figure 2-23. Two
additional orbital revolu-
tions, for which data are not
shown, were used to return
the spin rate to normal and
place the spacecraft in a
normal operating mode.

B
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Figure 2-21 Pitch Attitude Sensor Geometry
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Figure 2-22 Permissible Pitch Attitude Readout-Momentum
Vector 19 Degrees from Line of Sight to Sun
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As shown in Figure 2-22, the spacecraft load current reflects the additional current drawn

by the azimuth servo during sail spinup and initial attempts at acquisition after separation
while the spin axis was still broadside to the sun. Other fluctuations in the load current
are due to bus voltage variations caused by current developed by the array as it occasionally
viewed the sun or earth and by solenoid energizing current during gas expulsion.

The state of battery charge is indicated roughly by the bus voltage, which had declined to
about 17 volts by orbit 4. This corresponds to about 75 percent discharge of the battery.
While sufficient energy remained for one or two more orbital revolutions, operation below
16.8 volts could have resulted in undervoltage disconnect during current surges such as
that accompanying azimuth acquisition,

The azimuth motor current, shown in the lower trace of Figure 2-23, reflects the action
of the azimuth drive servo. The decaying current, during orbit Revolution 0, reflects
the decrease in motor current as the sail came up to terminal velocity. The increased
drive current during Revolution 1 accompanied sail despin under gyro control. With the
sail stopped, the normal level of azimuth motor current is shown in Revolutions 2, 3 and
4 (gyro control) and in Revolution 5 after normal solar acquisition.

The other traces on Figure 2-23 display the spin and pitch gas supply pressures which
varied slightly from changes in reservoir temperatures and declined from an initial
pressure of about 3000 psi as acquisition maneuvers were executed. At the beginning of
normal orbital operations the spin and pitch gas pressures were 1540 and 2200 psi
respectively.

The incidence of the sun on the underneath side of the wheel introduced a substantial
temperature gradient along the spin axis of the spacecraft. The temperature of the
antenna skirt, located on the lower rim of the wheel, rose above 78°C compared with a
normal temperature of about 25°C. The case temperature of the azimuth gyro, located in
the sail, fell below -15°C, compared to a normal minimum temperature of 0°C. These
temperatures caused no permanent damage; however, the gyro gain was reduced to the point
where azimuth acquisition was slowed.

A summary of recovery operations is as follows.

Revolution 0 - Johannesburg - Sent commands in accordance with contingency logic to
(1) release elevation axis and nutation damper caging, providing mechanisms to damp
nutation if present, (2) enable determination of spin rate from magnetometer data,
(3) begin despin toward 9 rpm, (4) power-down spacecraft.

Revolution 1 - Guam - Readout housekeeping data. Spin rate tentatively determined to be
43.5 rpm. (Data not shown on Figure 2-23.)



Ft. Myers - Repeated commands to (1) release nutation damper and elevation caging,
(2) spinup (4 bursts) spacecraft slightly to observe and confirm spin rate, (3) stow
spacecraft in power-down condition. Pitch angle read out +71 degrees. (Data not shown

in Figure 2-23.)

Johannesburg - Sent commands to (1) set up for large angle pitch maneuver (turn on gyro),
(2) sent 21 spindown bursts to make pitch maneuvers easier. Spin rate with sail stopped

reduced from 60 rpm to 46 rpm.
Revolution 2 - Santiago - Sent 47 more spindown bursts, reducing spin rate to 26.6 rpm.

Johannesburg - Sent 24 spindown bursts, reducing spin rate to about 15 rpm. Sent 22 pitch-
up bursts reducing pitch angle from 71 degrees to 47 degrees.

Revolution 3 - Quito - Sent 5 pitch-up bursts. Pitch angle increased to 53 degrees
because gyro had drifted so sail was in wrong position. Erroneously sent command group
placing spacecraft in sun-pointing mode, which allowed sail to rotate. Sent a pitch-up
and 12 pitchdown bursts. No net effect on pitch angle because sail was rotating.

Santiago - Sent commands to place gyro in control.

Johannesburg - Sent 3 pitch-up bursts to test for direction and sail position. Slewed
60 degrees right. Sent 6 pitch-up bursts. No appreciable effect. Slewed 40 degrees
right to improve sail position. Sent 2 pitchdown bursts to confirm sail position and

direction. Stowed spacecraft with gyro on.

Revolution 4 - Santiago - Sent 6 pitchdown bursts increasing pitch angle. Sent 36

pitch-up bursts decreasing pitch angle to 26 degrees.

Johannesburg - Sent 26 pitch-up bursts, reducing pitch angle to 12 degrees. Stowed space-
craft in minimum power configuration (gyro on). '

Revolution 5 - Santiago - Enabled sun-pointing mode by turning gyro off. Enabled auto-
pitch mode. Pitch angle reduced to -1 degree automatically. Pointing system acquired sun.

Revolution 6 - Santiago - Sent 18 spin-up bursts, ihcreasing spin rate from 15.6 to 24 rpm.
Opened day/night bypass. Fired experiment deployment squibs. High and low dummy loads ON.

On subsequent revolutions, spin control was switched to the automatic system and the wheel
rate increased in a normal fashion to 26 rpm. When attempts were made to play back the
onboard tape recorders and retrieve stored data, only one of the two redundant recorders
responded. It is assumed the second recorder was damaged by the accelerations experienced

during the launch sequence.



Orbital operation has continued for 14 months (as of November 29, 1972). The vehicle
malfunction resulted in an orbit with apogee altitude of 310 nautical miles and perigee
altitude of 178 nautical miles instead of the 300 nautical mile circular orbit normally
used. This has had no effect on the performance of the spacecraft.

2.2.3 Early Orbit Spacecraft Checkout and Experiment Turn-on

Orbital revolutions 7 through 49 were used for initial on-orbit checkout of the spacecraft
and to turn on experiments. Additional spacecraft tests to optimize the set points for the
gyro and star scanner sensitivity were continued on selected orbits through revolution 155.

The basic spacecraft checkout activities are summarized in Table 2-5.

Table 2-5
ON-ORBIT SPACECRAFT CHECKOUT

Activity Pass No. Results
TR1 playback attempt no. 1 GAGO 7 Unsuccessful - clear carrier
TR1 playback attempt no. 2 GQUI 8 Unsuccessful - clear carrier
TR2 placed in record mode GBUR 17 ol
Operational checkout of pointed control system GBUR 17 Function normal
TRZ playback attempt GAGO 19 Normal playback
Pointed control system accuracy GQUI 24
Gyro heater performance GQUI 24 Obtained preliminary tempera-
ture profiles
Verification of offset bits GYRS 27 Function normal
Gyro drift test no. 1 GBUR 29 Preliminary drift data
Gyro offset compensation test no. 1 GBUR 30 Preliminary offset data
Comparison of offset pointed accuracy and sun-
centered pointed accuracy GYRS 42 el
Gyro drift test no. 2 GYRS 44
Gyro offset compensation test no. 2 GBUR 45
ASA turn-on GYRS 57

In addition to the spacecraft checkout activities, the following further tests were conducted.

Gyro Heater Performance Test No., 2 (GROS 135 through GAGO 155). This test was repeated for
four reasons: to check the gyro temperature profiles as the orbit days became longer;
up-to-date temperature data was needed to predict when the gyro temperature would reach

104°F (this data was needed for a subsequent gyro offset compensation conducted during
Orbit 170); to check the effect, if any, of gyro gain on the star scanner gain-setting;
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and to determine the set-point most nearly corresponding to the gyro end-of-day temperature.

The results of this test are described below:

] Temperature profiles:
. Playback
Mode Temp. Range Notes Pass
116°F/Htr. Enabled 93°F to 120°F 116°F 5 min before night GYRS 135
116°F/Htr. Disabled 8S5°F to 111°F  ----- GAGO 142

104°F/Htr. Enabled 90°F to 115°F 104°F 20 min before night GAGO 155

. Temperature prediction: The 104°F/Htr. Enabled mode was chosen for gyro
offset compensation test no. 3. Using this mode, it was predicted that
the gyro temperature would be 104°F about one minute before GBUR 170 LOS.
Thus, the gyro temperature would be very close to ideal during this pass.

. Effect of gyro gain on ASA: It was thought that if the gyro was
oscillating slightly, the resulting noise on the power bus might be
causing the ASA gain-setting circuits to behave abnormally. Since

* .the gyro gain is directly proportional to its temperature and in-
directly proportional to its gain setting, the gyro was operated at
various combinations of gain setting and heater modes. There were

no conclusive results of this test.

° Best sef-point for normal operation: It was determined that the
116°F set-point with the heater enabled was the best operating mode.
In this mode, the gyro temperature at the end-of-day would be about
120°F which is the closest match of 5et-point and operating

temperature.

Gyro Offset Compensation Tést No. 3 (GBUR 170). Previous tests were run using the offset
position (1,2) only. This last test used offset positions (128,2), (1,2) and sun-center.
Since the gyro temperature was predicted to be much closer to the set-point (i.e., 104°F),
it was expected that the offset error would be less than that observed during the first two
tests (i.e., 25 and 30 arc-minutes, respectively). The“results of this last test are shown

below:
Sail Position to be Offset Comp. Error
Compensated for Gyro Temp. (°F) (arc-min)
Far right (128,2) 98 16 Left
Far left (1,2) 103 12 Right
Sun-Center 104 1.2 Left

Gyro Long-Term Drift Test No. 3 (GAGO 171 to GAGO 172). The gyro was left in the backup
mode for an entire orbit. The actual drift was about 0.1 degree per hour to the left,

which was very close to the nominal capabilities of the gyro.



Spacecraft Anomalies.

phase:

There were four spacecraft anomalies discovered during the checkout

° When in the backup mode, the gyro offset the sail to the left about

0.5 degree during the night-day transition. This, however, has no

effect on normal observatory operation since the sail always goes

through a coarse acquisition every dawn anyway.

° The star scanner gain setting changed for no apparent reason and the

gain setting had to be re-commanded periodically. This difficulty

disappeared after a few weeks in-orbit.

° Tape Recorder No. 1 had failed during the launch phase. Tape

Recorder No. 2, however, operated normally. The effect of this
failure was the loss of the series-record capability,

. The spacecraft azimuth vernier bit caused the pointed instrument

assembly to be shifted about 4 arc-minutes to the right instead of

0.472. This problem has been overcome by avoiding the use of the

azimuth vernier bit.

Experiment Turn-On and Checkout. The first experiment turn-on activities began during

Orbit No. 21. The typical checkout sequence consisted of first verifying the operation

of the low—Voltage functions. Then the high voltage functions were momentarily energized
and their operation checked. If the high voltage function seemed normal, the experiment
high voltage detectors were re-energized and left on.

All experiment functions and modes would then be checked. Upon the successful completion

of this last check, routine experiment operations began.

Table 2-6 shows when the experiment high voltages were first checked out and when they
were finally turned on and left on continuous operation,

Table 2-6
EXPERIMENT HIGH-VOLTAGE TURN-ON

Instrument Momentary HV Turn-on Tests Began HV Left On
GSFC (Pointed):

X-Ray GBUR 46 GBUR 46

uv GBUR 59 GYRS 61

Polar GBUR 46 GBUR 46

H-alpha GBUR 47 GAGO 50
NRL (Pointed):

Xuv GQUI 63 GAGO 65

WL GYRS 59 GYRS 74
UCSD-Solar (Wheel): GYRS 46 GBUR 47
UCSD-Cosmic (Wheel): GBUR 46 GAGO 49
UNH (Wheel): GYRS 58 GBUR 61
MIT (Wheel): GBUR 46 GBUR 49
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Section 3
DESIGN, INTEGRATION, AND TEST PROGRAM SUMMARY

OSO-7‘design, integration, and test activities spanned about two and one-half years from
the beginning of systems design in early 1969 until launch on September 29, 1972. Both
flight and qualification model spacecraft were constructed and tested. This section
summarizes the program with flow charts showing the integration and testing history of

the observatory program.
3.1 SUBASSEMBLY QUALIFICATION

Many subassembly designs (including 0SO-6 spares) were directly usable on 0SO-7 without
further qualification testing. Some components were subjected to partial qualification
tests, mainly temperature and vibration, where the qualification levels on 0S0-7 exceeded

those for which the components had been previously tested.

Components involving a substantial amount of new design were subjected‘to a complete
qualification test sequence. A formal qualification program was conducted for the
following components either as separate subassemblies or as part of the observatory

qualification model:

Stabilized Section Assembly Gyro

Azimuth Drive Gyro Electronics

Sail Structure Star Scanner

Solar Array SORE Package

Electrical Distribution Box Separation Switch

Time Delay Relay Command Decoder

Spin Pneumatics System Antenna Assembly

Pitch Pneumatic System Antenna Matching Assembly

Elevation Torque Motor Tape Recorder Assembly
3.2 OBSERVATORY QUALIFICATION MODEL TESTING

The observatory qualification model included flight-equivalent parts for the basic structure,
high pressure gas systems, and the control system. Mass models were used to simulate experi-
ment instruments. The data-handling system was sufficiently complete to generate PCM
signals; the antenna and RF system were not used; however, the antenna was functional and

subjected to survival tests.

Details of the qualification test operation are shown on Figures 3-1 and 3-2. The sail
pointing control system was completely functional and extensive tests were conducted in

the sun and in the thermal-vacuum chamber.

The spacecraft with functional and mass model components was balanced and ballast was

added to achieve the proper moments of inertia ratio.



F72-01
3.3 FLIGHT MODEL TEST HISTORY

Details of the spacecraft integration, testing and experiment integration are shown in

Figure 3-2. The obsérvatory test sequence is shown in Figure 3-3.

In most cases, testing on the flight model was done with test methods and equipment
similar to those employed for previous 0SO's. The integration of spacecraft, scientific
experiments, acceptance testing, and prelaunch operations covered a period of about

twelve and one-half months.



(z 30 T 399Ys) AI031STH 1S9] TSPOW UOTIBDTFITENY T[-¢ @indtg

F72-01

*SQIONI10S
NMOO-RIJS B dN-NidS HIOS 03Iv1d3Y :NOILNI0S
*NIAINN
UM YINOULS HUM s_.aﬁrzoo_m.ﬁoﬂ SIUNSSIUA ONIMOT-SVD NMOO-NIdS /dN- NIdS 'L
1108 THL NIHM LUINS YNIHILNY “SLS3L NOLLYUGIA LN3NDISENS + 1NONIIHD 1ITHM ONIUNG SWITBO¥I HOPVW
JHL NI N3O ¥ 3SAY) HOIHA NO L0dN! H3AINO Q3HION < NOILAIOS
‘XT43d0td OIS 10N SYM 1108 L SIINYNOSIH SIXY ~2 QILvdIZILNYND °} “S3NOINHIIL NOLZVIINENT Q3141G0N
/$1531 XIOHS +IS3t NOLIVESIA 1SHI14 SNINNG SWIG0¥E HOPYN ONY SONIHSNE ENINISNPOY 03OV1d38 :NOILNI0S
dNV1) NOLIVHYIS ONIWNI SW3180Nd HOFYI ‘AT3d0ld ONINOUINAL
“23HM 0L 1SYIVE 0300V :NOILNTOS LON 3¥VMOMVH IN3WN9ITY LNIRANISNI GIINIOE |
‘MO 001 O1LVY TOW 3S¥IASNYSL-OL-NIdS i 2100%93HD 1IvS ONIENQ SWI180Ud HOrVM
+$1S31 $31143d0Yd ~SSYN HNINNG SWINB0Ud HOPYM 0L d3s-Inr
1300M WNO HUM 350
404 QildvOy 3I¥NIXIJ NIdS. B
INYIve 370SN0D T04LNOD 4-0SO
JINYN AQ
14v4239vdS
T 0L AON 0L AON-1£30 0L 190 -43S 0L 150- 80y
TnoIve NOILY TIVLSN 18I0 ASSY 8 8v4
99 NONIYA 1NO¥IIHI ASSVANS B Q343A1130  f— ONIYIM SIILYANING ©
YNNIINY 33HM SHI3HD INIMIM REHTY 133HM WNLINYLS TITHM
Addns B  1om 35u3ASNYYL
..uuwmwwnww TOW SiXv-NIdS LNOXI3IHI : ®
. 8 ASSY WALSASENS ¥IMOd ] N
WOSHIS WVIS|  juoiim 133Hm K 0L 150-9ny
LHOIR IS :;_ LU NOILYY34O HLYMNINd—| v41300M SSYN
NOILv¥@ITVI WOIENS—{ 8 AuomM3y
$AI3IHI LHOIIM Y101 NN AIVA ASSY.-8NS
TYNOILINNS S1S31 HOPYR NI S1831 | {AINO ¢ -18) AML3IN3TIL
13423945 2 1YNNING $70¥LK09 035 HINNYY lu
L S1S31 HOMVH oL 130 0z d35-7A0
181 01 ASSY § "8v4
0L 930 Si-8 S3118WIsSvans 0L 930 2-1 0L AON 0L AOH
1531 3dAL10104d SININIYNSVIN A19W3SSY ONILYM SE&“S :n._._ﬂw:mn_we.a
o« NOILYHGIA HLIM $1300W S31143d08d fe—l 14v4I3IvdS 1vS ~133HM
1514 ¥ON3 32¥1434 SSYN 9/S 31314M02 ATBNISSY /S -
0L AON 0L AON- 120 ol 120 0L 130 -d3S 0L 43§ -NpP
ATBN3SSY 181 01 ASSY" 8 8vd
vy MO4 SSYN 100M23H) | s e fe—f 03w |e- INIYIM SOLYNNING B
SLS3L TNOLLONAS IAVH Y31 — RITH SIIHD ONINIM nvs nys 3UNLINYIS TIvS
¥001-XJIND 14v4I3IVdS SNONINAN L |
Say 2 8 JUNSSINd J00¥d ] ) h
“AX 804 1531 NOILOTUIC SA Y0 SHIIHD OIS NOILY¥3dO ONYAWOD 0L AON OL RON -130 0L 150 435
JININDIS HINAVI STOINDD 3ININO3IS HONNYT ] 18101 ASSv 803
S31242 001 0L dn QuINT0 el - oNwim | Inved
INVHS SiXv-2 13A31 3INVLAIIIV SNIIHD AHLINIIIL NOILY¥3dO 13$440/U315VY INVES A3 INYEd AT1D NOILVA3T3
dIIMS SIXY-Z 13AIT- MOT WIISAS HIMOd NOILY¥3dO I1LYNNING—
dIIMS SiXv-A 13AIT-M0T S1S31 HOrWW NOtLYHE1T¥D NO28BNS —
d3IMS SIXV-X 13A31- K01 _ NOItvy¥340 o:;mu
S1S3L HOTYN . ININNSITY ININNYISNI Q3LNIOd

S183t xS:.u




F72-01

(z 3o z 399ys) 4A103STH 3s39L [SPON UOTIEDTFI[EN) T-§ 9IndTg
{1H1Y - 3A08V--110N 335) “XId 31VHOAHOINI :NOILNIOS
N31408d NOLLISINODY-3SHV0D HINMIZY 9
"SI SV 35N < NOILMOS . .
"ONIINIVAIY ONV ONIddIYLS 3Ly ' VS ‘SINNLVHIINIL 039v1d3¥ SNHL SVM LI "03073A KISAOIAIYG
300N - LHOITA KLt GIINVHIX3 K1ALVNILIN : NOLLMIOS HOIH 1v 9NO SVM NOLLVHN HOIVHINIY 1SHNG HILId S . N338 QvH HOLYNLIY HOLIMS -OUDIN :NOLIMOS
ONDIVYS INIVd VS I *A-1 4313V 1139 Q307434 : NOLLATOS HILIMS HOLINOW HOLVT HIJNVO-NOIIVLAN 3AI233430 1
"ONIZSIL IINVIVE- TYMYIHL TIVS ONIYNG SWITE0Nd BOTVH “T13) 031H0HS ¥ 0340NIAIQ SIIWILLVE NIvH ' + 1531 MANJVA-TYNEIHL ONODIS SNINAQ SHITEO0UI HOMVK

1S4 009€ 01 N31SAS 3131dM0D '1S4 00S¥ 01 311108 031531
JUNSSIYd - J00¥d 370108 GINVITI B QIAONIY :NOHNTOS
‘(Q13IHS TYNYIHL
ONv 311208 N33M38) NOLLYNIWVINGD 311108 Sv9-NIdS I

"NOILVANINNYLSNI IONYIVE-TYNH3HL INIBNO SWITE0Ud HOrYN

"ONIHIM XOB-r M2d L W3180Bd Q3LVIOSI (NOILNIOS

"3YNIVEIINIL 010D 1v NOMVHIGO HILSVY JILvHYI ¢

"1S31 40 1S34 W04 3HvdS LHOIN3 03SA - NOILNTOS
‘AN3HYNI NvQ HOSNIS 3SHVOD INOHA-1437 IMSSIIXI -2

{Q,1N0J) 1531 A-L ONOJ3S -- SWIS0Yd

“Savol
dNYT) NO 03SvB JAINA NOLYYEIA ONIHOION
A8 Q31314 N0D 131 NOILVHEIA ONOIIS "1S31
NOIIVHBIA QYIHL ONIYNG Q31v9IZSIANI : NOILLNTOS

DIVHS STXV-A TIATT- 1IN 1y INAH]ND ¥IANNAD

HOVLLY V1730 ONV L4VHI3IWS NIIMLIE ONIddVS |

1531 °481A : 1531 NOIIVHSIA
*0H8S 1v SO0 13AI1 NOILYIIAI YD 01 ¥03 /8 NOJ3S INIYNA SHIT80Ud HOrYN
03193080 338 AISNOIATNG QVH LIVHITIVES 3HL 1¥H) Hvd34d SIS32(NOLLISINOIY 3SUV0D MiZv) B
S1S31 3S3H1 MOUS CININUALIQ SVA 11 *YBR Ly 1S3 TN B 9INILNIO ~NAS ¥04 I1VN3Q 9 TuvmouvH Q3NIVA3H © NOILN10S
NOLIVHBIA JHL ONIYNO GILON N338 QvH 9NIddv9 ATENISSYIY {1H9HY --3A08Y) LNGMOISN? *3MNv4 (H31S008 LN3UHND
"3IVAYILINI v1130/14vHI30VdS 3HL ALVIILSIANI 14v4939vdS 30N 338 NOtIYL QINIOd 40 ¥OSN3S NNS) INIWGINOZ 1S31 I
01 ONv 'SIXY -A 404 NOIIVHEIA KOLLYD141TYNO b\lL. -NINOULS NI SHorTY e LS1S31 M2V YWUIH
3HL 31ITINOD OL SYM 1534 THL 40 350dUNd IH1— $is1 30NY1v8 HHOM3y HOAIY HOPYN L4531 NN v 4
ISHV0) WHHIHL OSN3S ¥VIS - 15814 ONIIAG SWITBOU HOTYH
38 NOLLWI
SASSVENS 1N0NIIH) Mo I _“u“am ﬁ_ﬁwm - I TYNOILINNI
WNOILINNS IWNOILINNI V1934 K1anIssVaY ¥001-%2100
Q341M-NON HOryW INIWNSITY|  O3AOM3Y ¥3MO0d LIVYI30VdS 14v4939vdS 08
Ny 40 147433v4$ DanauIsNI| - 9/S V1v°930 0+ IHA NOILI3dSNI 34AL0L04d
SISILHINIG 03INIOd A HOIH '930 95 = &/ 8 VS WIINYHIN TIVISNI
TYANIRNOY 1531 0904 ¥001-X91N0 39v110A VK30
~1M3-1504 1Xy-2 WNOHLINAS “WOR '930 $2= I v
1NOXIIH) $1531 LH¥IIIVS 2901104 ¥0OT-X21n0 JIRYNAQ AT8NISSVIY
3/ NS 11340 NOITYL | TNIWON 9300 = gf rhaloNn LV¥I NS LAVH3IVdS
-NIHIHINOD amsaatle) |-wamasism|  Amoreao "Qu ) SEETT 100X23H)
ERTELER] 107 SIXV-A “Iv8 “NY3HI 1RONIIHI 1N0NIIHI 1NOXIIHI 8 11¥S LivHI3IVdS
21 IVANING| 123dS TV JAONIY : S1S3L ¥OrYN A-1 1504 “H8IA- 1504 A-1 150d ERLEL "481A-150d
[ ji [ ] _ ]

) 12 e -NAP 1L AYN 62 1L AN AYM 9-¥dy €I Hdy 21-HYN L2 14834 1L NYP =62 1L Nyt 02230 0L 330 L1-91
14043¥ SISKTYNY B S1S31 1831 1531 1531 1S31 WANIVA 1531 {'v3 2) s153L
13000 TWAIANS NOLYINMIS NOILYHEIA SHIHY  fe] INVIvE WANIHL NOILYNGIA 1531 NOANDYVA LNOXI3HD B NIOHS dmv1) fe—

N0 H-050 NOILYIIA1I¥ND ISVHd-HINAY QutHL 14v8930v4S WNIHL TIvS aN0IS aN0I3S L LT NHOMIY vOv NOILv¥vd3s
1L NP € 1L HYN 2!
UG8 01 dIHS 3459 0L dIHS

SHIIHI N001-X¥IIND 29N30035 1531
S1531 NOILISINDIY 3S4¥0) MIzv—|  TYNOLIINNS LiviI3IvdS HIRAYY WNOIINAY 40T -¥21N0

NOILO1¥S LVHS vOV—|  SNOLLI3ISNI TWIINVHIIN SONINIS dMY 1D

dnis A-L NOILYHWIS OM
, SINIHIXI GM3L 10H © 010D NOI93Y 12V8939v4S 4

1V 1S31 31v¥ Ny3D JILYRNING —
*SIMIL NOILISINOIY ONY 'S1S31 H3ISYY . ﬂwﬂhﬁkw%ﬁ
*SINIMIBNSYIN BOLON INONOL *KOTIIINS YAY "NIKYM NOIISINOIY -3SHY0) (Sdvi} ONIS3L Ivd NIdS HOIH— SN0 031314M09
030M1IK! S1S34 031531 ONY 03141 34IM LINILID Wia ONY ' NHOMLIN 31v8 '3AINQ INIUEXT JUNIVHIANAL 0100

HLOMIZY 'SHOSNIS ISHY0) JHI 30 SNOLLYMNOIINOD SROWINAN 030N SYA
140443 NOISI0 YIHLIUNG NIHLIHM ONY 'SIONVHD 3HL HIIM NIOHYN 0AY3S
ININEILIE 01 GILINOROD 3HIM S1S3L OAMIS -ISHVOD "W3I1BOUd SIHL HilM
W30 01 QILvYOJHOINI 343M SIONVHI “NISHYN INILYHI4O 31vndIOYNI

3AYH OL Q310N SyM OAHIS HANWIZY 3H1'JY8E Ly ONILS3L ONINAQ :310N

HO¥3 Lv 1531 dN-1uv1S 07103 —

AN3YLXI JYNLVHIINIL HOV3 1v
1831 TYNOIIONNS 14V¥I3DVdS

JININDIS HINAY I u

:+S1S31 HOrYN

LNOIINVHI B
NOLLYIIHAON ~-SINI¥4S
Qv013ud ONINVIE Nidv

3-4



F72-01

(z 0 1 3193Yys) ALI031sTH 12s9] 1Feadesdeds z-¢ eandig
{031531-34d LON) 030V1d38
LHSTINAS NI NHOM 10N . 8 QIAON3Y SIAWA XI3HD NIdS O
HILld- . 43430108 SYOLIINNOD
$300 04NOD dN-HaLd OLw ¢ 10N %08 NOILNGINLSI SOOIYA NO O3UV104 SINIY NDIAVN 6
ALIYI04 HOI0K HLONIZY 2 610 NI 10D AvIIY ¢ 204S¥20 O IKISSIN SONIY NOIaVN '8
HOLINON HOLYIN93y J9vI10A QISHIATY ALISYIOE AT 29 1IN0 N3IMLI8 SHOLIINNOD
WONYN NIdS NMOQ SOYO) HOLINOR 10003 SNIINIOA NoUYAZT3 1 (@)  OMSSIW ¥3ANC 1OA9- p NONNYD SNOINVA NO NOLLYNINVINGD XM3
IKLLRENY €1-35vs () INz@En) aNnouDx2ve vsv () NO Q3NYAL SI Q35H3A3Y 019 £ SNId 10480 '3
14v4939vdS N3HM NO SNNL X35 9NOUM
ORNOYD ¥3M0d YIAH0DIY IdVL '€ 204EVI0 B H04EVI0 SHALIINNOD I9VHIVd JHOS °S
G3SHIATY SOVIY TWNOIS § Q3LyNINATIE LvH03¥dS OL 103dSIY HLIM 9INILVO3 ONNOYO X35 ONOYM 2042V10 HOLDINNOD X08 KIdS b
ONNOYY 380Hd dW3L YNNIINY "2 SVM AYHYY T30-4Y10S ONILYOTS $3X08 OAYIS © YIMOd "2 ¥01vIN9IY 380U dN3L "2 INIAIN SRO¥M 1042VI0 HOLINNOD X08 NS €
NOILvD14193dS 9 M318 S3504 9NNd HINAYY QNNOYY 0L 3LHOHS WOLINON 39YNIWd d¥ IONNOYD K143OUNISMI3IHS VIO -2

40 1N0 NOILYINOON | HIAX

L ®

NIHA 39V1I0M43A0 LavE3OWIS  (3)

ONIHILIMS V1INV AVEHY ¥VI0S ~

NO 031n0u3Y $318vD

QINIVLSNG

SLN3NNUISNI Q3LINIOd AWNNG

{ AUYHOdNIL)

0317VISNI AvddY 113) ¥V10§

ONNOYY SISSYHD 01 Q3LHOHS Nid SVIO

1 SW37904d 14v423)

NOILYIIIIEIA INILNOY

®

vds

NOILVHEITY) S1S21 TOUINGI HILId : AMLIN 1L ONND "HIM0d
380Y¥d dNL SIS 340§ 1531 NIVS HOLON LNOXIIHD XO8- W¥S
1N0XIIHD vS¥ ¥SvQ 031531 ALIWYI0d ¥20183A3 1N0INIY ONIMIM TIVS | -
VSV 1H9113 43TIVISNY 8 031VISNI
1531 ¥OLYINO3Y 1831 ¥SY LINSITY O] ©)
NLYANING HILId B NIdS (1H9113 - KON)
¥3ddI18 JtLINOVM {oL/81-L1/00) {oz/91-£/01) (02/2/01-€2/6) {oL/22-21/6) {oL/i1/6}
SINIRNSVIY SHI08 343 vSY OIS LAOXIINI 3ININOIS HIKAY VZILINOVNIQ s1su’ - NOILINAOYd
0] o 9 IINVIVE [a—f INIINIOd ONY SNOLLYD 1 4100W gl NOVLVTIVISNI | NOWd -
® JLLINOVW VS ¥IMOd VS ININIM TIVS X08 %Ov8 A¥IATI0 VS
(0L/0¢ -81/21) a/ai721-22/10) {oL/12-v1/1) {12/€1-9/0) (oL/s/1-12/0) (aL/9z/01) {oL/vefo1)
1N0XIIHI SNOILY 1351000 sisu STYNOILINAL ©
<« 5011v)1 5100 ja—] INIYIM  fe—] SS3  ja—d  SUOLINOW e $1S31 W0uINOD SIS3L HIMOd INILYN
-150d tavives | W3ISAS 4y 19345V Av NLINIOd B OAD 14VH230vdS 133HM-IVS
@ {02 /€2-5/01) {oL/y -2/00 {0L/t/01-11/6) {0L/91-61/6) {QL/€/6)
NOLLYZIZ3NOVAGA NOILONQONd
SNOLIYIAIQONfe—]  © 30NYTVE NOILYIIVISNI | SiS3L e WO
y | oMm M| Bouanowm 13zkm] 4 | x08 ¥one 3uvwnINg [, RAu3AMI0 33HM

SHI3HI SQVOT ANNAO —|
SHIIHI AIN3NDIYS

S1S31 YMSA

WNNILINY 037TASNI

S1S31 0AY3S d007-035012
NOILVHEITYI OCTVNY VS Nv938 ~
SIS31 0A¥3S d0071-N340 -

9 INOHOL 14140 OUAD —

ANINNOITY 8 NOLLYTIVISNY O8A9

$1531 NOILISINODV

(1H9I ~NON)

SYOLINKOD INILIOd-140§ NY93E
1531 ¥OWY3 -L18 ¥3QHOITY Jdv1 —
1NOYI3HD 3ONINOIS HINAYT —
{ 1HO14 - NON)
9NINOILIONO A3LIVE NIVW —|
HOII3NNO SNIYIV 01 0300¥
SNITBYN3 41 B IONVHD AMILIVE —
SH3180¥d SNOIATHG 03XI4 —

NOLLYHSITY) 90TYNY NY938
(LH9114-NON) ININOLLIGNO) AN311vE |
1NOX3IHD Q) HILId -]

JUEE TR

YILINOLINOVN 8 8O0S |

1N0%I3K) A¥LINII3L—

1N0YIIHI S¥300910 €

LN0XI3HD X08 NIdS

®

oz_wzu M3IN Y04 GBHIMIY 13IHM
SLN3NW3YHINOIY ONISNI MIN W04
03NYOMIY $3X08 NOLNBINISIC S —

NOIVOLAIHIA
ONILNOY TINNVHI AMLINIT3L —

NOILYIIAIEIA SNE H3IM0J
NOILYIIHIHIA SNILNOY TNNI
LNO9NIY X08 NOILNAIBLSIg -

3-5



F72-01

(z 30 z 199ys) A1031sTH 3s9] 3yeIdodedg

z-¢ eandtyg

SNIIHI Qv0T ANNNG B YSV —
"SQHV08 TYNINEIL

F—————=

SINNOD Oul#
40 1N0Qv3IY SNONNLINOD SWH 12

GIIHS LHOIT

§ -QS3N NI ¥v3L HONI - /€ "2
(SNA 3A1TY-433N

NOY4 HONOUH1GI3S I9VLTOA)
‘LON SI L} N3HM NO Si ¥3MOd
S3IVIION! HOIINOW ¥IMOd HNN

._@

SAHVMYIVE 03HIM
HI1IMS YINVQ NOUIVION ¥

$3sng

HINAYY 8 SNONKIZNGD 0L

0317ddY A1IWINICIDY

hs—

SNOINYA G3LV0) TWNBOIND ) — TINNYHD Z-2SSVS WOIL MO9S "2 INdINO AYHNY ¥Y10S ‘¢ G3SSINISHIAD
0301434 § NOLLYIEYA N0 SHO119vdv) XO08 Nid$
SHIIHI INIWNOITY 343 133HM — 03AON3Y SHOLIINNDD -£Od6Y¥L0 ARAIVA Qv3H 2 H3QHOIIY 3wl "2 0319INNOISIG 20710
SHOLIINNOD ©'20d6V.0 ‘1¥L0 NO SNId 0] IVMUZHL 40 AYG HL413 NO NOLLY2I4193dS 30100 H1IM_14v4229vdS
031104 Q¥VH 8 1405 HONONHL M0TJ NILIOd ObvH 1 () NYS NI L¥OHS ¥3IM0d ava () ML NOILISINGDY 3Suvod 1t () 0l GINadv M4 (T)
1H9114 404 dn
0INOLLNE £ INIMINVENO) — ———— e e e e e _Sn37804d L4v§)30WS
34VdS 1H91NS QI TIVISM
*NI21 1H9174 QIAOW3Y —|
{1HO174)
@131 8 0INVISNI MIIL SEOID3NNOI 03110d- 1405
Q31531 9 031TVISN) 2459 X08- S 031IvLSNIIN 1531 dN- NIdS WS QITIVISNI §8101
Q31531 B Q30 IWLSNI UK S1S31 NIV HOLOW ONY $1531 39HNS A¥I1LvA BINOS 13Ny1v8
S - 0590 GINIIHD © 3N0YOL ONIHAS NOLYAIT3 LE ] NLINKWNW ININOANOD
'037IVISNIZY '03x14 'QIAON3Y SHIIVIH YOV QIHIVLLY NOILVZINNSSI4d 4004 AYHEY 1130 4YI0S LH9IT4 ONLINIYe
1HOHS Xt4 ULYNAING HILId 8 NIdS QITIVISNI HOLIMS AVBNY T132-5710$
GUTIrEv HoLSISI 01 X08-r I¥S 03A0NIY 1S31 31vY MO14 HOLINGM 8 H3dWVQ NOILVANN
] H ¥
BOLINOW AN3BHA3 HINX WL/ 6/b-01%) SSYM Sv9 NidS Q2770ISKI SGIN0S VS LHOIN4 (12/62-§1/1) (12 /o1-1/1)
NOLLY1 100M HOLINON HIMOd HNN :S_Ead. ze_h wﬂwmz_wuz SNONVIIIIGOM
B WIINVHIIN LY 1
112413 39HVH 11v8 BINDS TIvS oDy ® 08 v 18 ONIBIR fve
(127€1/5-€2/%) (12/22-02/%) (12/61-0/¥) (1i/0/¥) (12/91/5) (1L/S1-9/8) (12/8/% -9/2) (1/8/2-18/1 {(12/08 /1) (oLre/2)
$1831 9 SNOILYIIJIQON 1531 MONIVA S1S3L S1834
NOIIY I TVISNI pt— ONIHIM 18313y 1 31Ny a1vKia IVNNIHL e TYNOIIINNS ALNBILYINO ) pt—] YN T23HM 8 VS
YR ISuf  1max3 vs 14¥5939vdS 14v4230vdS TIIHA- VS 123HM -THVS L4v¥I3IvdS 14¥4239vd§ Ka1$ REETT RIS 31YN30
A¥OIVAYISBO .
a ® G
(12/8/%-91/¢) {12762-91/1) (i/s-11)
S1S31 NOILIH b4
SI1S31 IMdX3 _ 1NOXITHY SNOILYIL 100N
1531 OA¥3S 4001 035079 133HM 9 T3HA SIS31 0UAY S1s3L tnd 133HM INININ T7THA
1S31 A0 NI4SIQ NOWISINDIY IS¥V0) SIS3L ¥INX—

134 --NOLLISINGIY 3SBYOD —
S1S31 0WA9
03%23H) 8 03 7IWISKI HNN —
1531 0AN3S 4007 N3O
1531 JININOIS HONNYT —
1S31 39UNS SN ¥IMOd —
1831 1934Sv Lin
NOMYYEITYD 0AH3S T0HINOD INI4

031531 9 QI TIVLSNI 2IN
@IS31 8 0317vISNI D-053N
Q31531 9 037IvISNI §-QSIN

SUIIHI IIVIHINI INININIS X

ONINOLLIONOD AYILLYB NIYW

b- € INIMLIYYENOD OL
¥313M0L3IN9YI 031vI01IY

340S LHIIT4 0ITIVISNI

ALIALLIIVA3H/ALIAISS I3 $1S31°934 3dvl —

S$1S31 0A¥3S d00 N3d0 IIVIU3ANE INdX I —

KOLLY1IVASNI OXA9 1HSIT4

SININZYNSYIN LNJING AVNEY 113D ~HYI0S —

L1NONI3HI 8 NOILLYIIWISNI ISSYM ~

LNONIIHI B NOILYTIVISNI HOLINON 1130 - 03LHOHS 11vE

: NYOM3IY NOLLISINDIY 3S¥VOI o>¢um¢
$1S31 34 8 QIOHSIYHL AWND

1S3134 x08 NIdS

NOILYYBIIY) ISYM

isiL

SIS31 HINOd AUYININIGANS VSV
¥IIH SNINOILIONO )
SXIIHD AY3LIVE NIVN
S1531 SAN

S1S31 NidS

®




NN

F72-01

(z 30 1 2199Yys) £x01sTH

1s9] LA103BAISSqQ

¢-¢ san3dty

SISy
3SN -~ QILVdI NLNY NYHL
HIHOIH LNINOW ONION3E —

SI Sv 38N
=-JINYNOS3Y SIxv-2 ANZ
404 M0T 13A3T NOHIVHAIA —

NOLLYHBIA ¥31dv N9ISIO
X14 ~— N3180ud
3414-81N0S 14v¥IIIWS —

SI Sv 3N -~ HOWY3
41037044 -~ HI18OYd .%ﬂ,ﬁmm
NOIIVY3O ¥IWIL TUN —

A 1531 ¥I0KS
Y001 %300

LV¥IIIVS

NOQNYY

SINFHEND s

31VIS AQYALS :SIXY - X
SHIIHI TN YOO IN0

NOLLOIY4 13 8 Y c;.u.wwﬂﬂ

104100 QV3H ¥L WS
T0¥INOD HILId 1S4 005102

LNIWNDITY 381538430

ININNNISME 0LNIOd iSIXv-A
i 007 ¥2IN0

1521 M3USAS 14v¥239vds

NOGNVY

SAND) LMdX3 s

1531 154 000 01

031vy931NI 3ZIYNSSIHd

14v8239%S 1§Ixy- 2

(12/22-61/L) (12/81 - 81/1)

SI SY 3S0 -~ HLOIMONYE 34 —

Y0 A1ddNS -- KI1804G

HOLINOW -~ MO A1ddNS AOI+ ¥SY
1531 8 IAOWIY - -MOT 104100 L L

307434 -- NMOT8 3SNJd 2S3L "MS 935

LNIN3AO¥ NI

NOILISINDIY O¥AD —

ANINNOIY

ANIWNHISNI G31NIOd

INIWNUISNI T¥N 1N0
IINWI -0uEa 1v
HBOMIY IONIUIIYIINI

TVIINYHIIN 4N

Hivd3y
ﬁaumu_zu AVHYY ¥Y0S

7 X08~F IS YHOM3Y

%09 3M0d YUOMIY

{ 3¥LINNLS
VS 160 IONVYHD)
ONDIVI LNIVd TIvS —

S1S3L W31 8 'MOT4 SSYW
' HOLYIN9IY ‘FWNSSIUd J00¥d

Y3INAS Nyl
QT04INVI WOLYINIIY
*SOIONIT0S 1300M LHIINS
S3NIT 8 311108 J300W TND

SASSYENS 0312313S LNIVdIY

Yivd3y B LNdX3 JAOWIY --
INIddILSSIN 133HM Y3114 8
INNOJ ISION JAISS3IIXI 2459

LEELCEE]
-~ X371 1H91T ¥vI0S - 4SIN —

HNN 01 Q3¥3A1N30 ®
/S MOU3 QIAOMIY LMdX3
3INYHD NIY9 LNdX3 HNN —
1S3) SIHL 4O 031TVISNI
10N INIKNHISNI THOITS VYN —

1531 ¥IOHS
{2'ON) 1832 8 NOILvuaIA
R¥O3¥3d 19973 3INVIIIIV

4162 d23
== 10 Hilld MIN
1NONIIHI B8 1TvISNI

3J €52 403
--9NIgI4 BINOS
J9NVHD NOIS3Q

| QYA9 HO4 SNLIVY 3SNJ A18N3ISSYIY
3SVIHINI IIVHOHOIN <—] souvmnang 10N SIxy 14¥8230vd S
NYOMIX -~ Q3 VIVASNI -
SIINOYLITTI OUAD ) Tivs 1531 3SUIASNYYL SNINOLLIONOD
$I1LYNNING {ION) v1L43NI ¥ S151L
1531 31 ; TIVISNI 40 LNINON AN 3L1vE
AN3WNOITY SSINUVH
K911 TN yOsK3s 1vs | Jowmimmomau] [ 3unionuss SIXY-NIdS 86182 HOW
UMSA 'LNOQYY HaL1d 'Sva ooy |—] SIS MRISAS OuAD NOITY svonng | [naxae resy WS WN0 ALIAYYS 40 15315-0500
‘S3ITVNONY VLva ' JOMINOD HIitd 1531 SINIWAYLSNI 3utm 3un23s | | -8nS anowau| | LN 8 NVITD U3IN3) SiXv- 2 ONLLLOd
[ WUNOD DLINOV N3LSASENS 4 QILVH93LNI VS TIVISNY 8 9Ni110d| [Twasaoves 1H91IM LiVN03 %S .
ey han(d Saaneas 14ve39wS A N0 woxoaHa | | #9173 ow FELTALC ANaSSYSIg H
L] 14¥419vdS
“OMAD ' FHOS ' T041NOD T3IHM SdN0D _.Smxu_ UvS NyisNI VS VLMY TiYS w>oxu 354v0) 30V,
‘NOILYILINIA QWND “¥3LVINH m.__mwuz.ﬁ
Qv 300N W3ISvH 'SOVO1
AWNQ *SHICH0I3Y VL (1L/91/L-12/9) (12/52-12/9}| | onmime Assy (14/0-1/9}
S13L TW23dS ~8ns 1IVBNI SININIUNSYIM | S1S3L
8 {I'ON) 1S3 ATAN3SSVIY $31143d0Yd ININIBIAXD ALITIBIIVINO)
W¥0483d 19313 14v8339dS SSYM © 14v4939%dS ININYIAXD
. ] )
NAS NI IS32 S3dIMLS 1I3HM '
13345 INIVd3d | Lsnoiivuado ont TIVISNI L3NIVHE OUAD
-INIvd OL 3UNS
SININRNSVIN
-0dX3 QI10AY Ot
ININNOTTY ONILNIOd 10305y I ¢ oy Q0N Ot NOILIOQY ¥3Lv3H YOV HO4

ININHND AVENY ¥Y10S
1HOIT Q31937438 WN
NIV TYNB3LNY 2489

NOITY TWNUILNI TuN

¥3d4118 8 'VSV
'S-0SIN"HNA "LIN
‘HILINOLINOYIA

VSV 3HL 8 'S3X08 NOUNAIYISIO
S¥300230 1I3HM JAOMIY

NYOMIY 8§ LNdXI LIN JAOWNIY
NHOMIY B 1NdXT I4S9 JAOMIY
NHOMIY 8 LNJXI THN 3AOMIY




(z 30 z 393Yys) A1031STH 1S9 AI031BAISSQQ) §-¢ dInr1yg

1531 ¥314V ILVOLLSIANI =- 21122 HAN -- JONVEHALSIO YIv0 TN —

1S31 ¥3IL4Y 3LVOILSIAN)
~-660L2 YON -- I9NYHD NIV9 VHd HNN —

860L2 HOW
SHL INO IINVHI 33dS 40 N0 (L NOILISINDIY ISEV0D —
--86042 HOA -- Q3QV¥93IQ ;
1S31 ¥3L4Y ILYOLISIANI - 660LZ HAN
1Nd1N0 Qv3H ¥1 --¥0193130 © 91901 0SIN INILLINYILNI
1531 W34y 30v1d3N
1531 ¥3LdY
20122 HON --3uNTivd IIVOILSIAN] -~ 660.2 MAN -~ ONIQYY930-
GION3I0S NMOO-NIdS 3INVNHOIUId b B € SUIINNOD 1IN —

1S31 ¥314v ILYOLISIANI --660L2 AN
== YILINIYYI0d 2489 JO TINNVHI Qug —

1831 31vy MOT4 SSYN 1531 8314y 3LVOILSIANI ~- ONISI]

) 4531 3ivy Hy31 INNIINDD ~- BIILZHOM - NOILISOd MOLS
1531 3UNSS34d - 40089 — NO¥4 JAON 1ON QiQ 39VIuBYD AN3 2459 —
QI0N310S 86012 ¥ON
NMOG-NIdS 39¥143Y dWIL 1INIT1-40-100 74S9 LINIAINA O1
3ININ0IS HINAYT — Gl 0702 ¥0J 8NH 40 QV3ISNI INIOd
T041N0D HOLId - A-L B )IYOM TOULNOD dW3L SV 03SN SYM LNdX3 D459 —
3805 -34 A1dd0S
ysv o A0 %459 SdN0J 1NdX3 B L4v8I3IVdS
SINVANING 1531 SHIHD €41 W91 ‘oo wsv - wvos 109 ]
- T0MINOD TITHM Thiz 5Om Q3LVH93INI g17v9 TN . Yves 8 1hexs
0¥AD 13v8930vdS dM0 L4VHIIIVS B LNGX
by re———— s300m Loone ] NOUYSHLSIANI wz_zw_wazﬂo C0UNS NONSIL IRAXS A
! 8 SAVIBIA0 N3180¥d 860.2 YOW AW3LLY ‘AN Hy3T .
~ niva 0A¥3S 13 8 2V — LNV N S .81 1TVISNI T SAN ' ¥¥371 " ONND VSY
= YMSA - o TR PHONIY NONUNL 0109 ‘dW3L HL
KonmvoL e B Q3vH9INI LNINOISN WNINd NIdS 'S0 LNdX3 'ILVH MYI1 | 38nS0dX3
-v1v0 ‘dM0D 13v8230VdS 4107
1404 SNYYL NOLLYILAI3A ONVANDD 14v4933v4S 93iniod ONILYN30
154 000% O N3ISAS ONVANO) — SIND INdX3 SREE) 12IHMNIVS vy a1
IMNSS Tgd AvbEY 1132 uv10S—| prv—— 812 N TN *S8INDS 2459 © TWN O3M1
SILINNING $314311v0 | oL 30N SINIx3 INONTY ‘dM0d 14v¥239vas [ 3unsodx3
o Y WNUAINI A¥3L1VE— =T 1TVISNIY 03 ‘3ININDIS HONAVI—  LOM
¥001-¥2IND ﬂﬂwﬂu‘m%wﬁmﬁmﬁu INVL43V INLIVA3Y S¥30¥0034 mu:uzwzz_ HOLINON YNOUOY — NMOQ dWnd
Em_::x. SIIVAHNS TYNHIHL =us._~_._ N0, - Esmh:m 3dvL u_s._: h.sﬁ VdS .:_:um
(12/62/6) (14/81-11/6) (12/91-€1/6) {(1L/21-9/6) (12/5/6-02/8) (1L/02-61/8) {12/0t-11/8) {1L/91-€1/8) (1/€1-21/8) (12/n/9) (1e/u/8-€2/1)
3LNID SININIENSVIN (£°0N) . INIIYH3O {£°ON) {NOI LY¥NG bH 1) 1532
vonnyt  Pe—]  SNOLivvaINd fe—F 30vdS AGINNIN \LBIONd SSYN B la—f| Wu0du3s 10N fe—]  NouvEeIn |e—f ren3Issvidfe—] 133MM/VS 8 WNO04¥3d 17313 1531 WONDYA NONIVA-TYM3HL
1H91434d 01 ANINdIHS I9NYIVE TYNIY 40 1¥vd MOONYY SIXY 2 AHOLVANIS B0 VAOMIY £WdX3 J 40 14vd MO ¥1D3dS FINVLAIIIY
4262 153134 ONIYHY 31v4 MOV4 SSYN
. . 1S4 00 423 34 %08 aInos 2459 -
ﬁw_g.m.w_wna ¥3IMOd Nt S3SN4 ININAOT40 2IN0S 39¥ 1¥NYY"
LYANING 11V404¥09N! n008 4N AN3 2459 NuOMIB
682°1L

§17 JINVHO 81 )
$371108 HILid 3dve




BN

F72-01

Section 4
DYNAMICS

Both internal and external torques act on the 0SO, causing changes in the position of the
spin axis and the spin rate of the wheel. Some of these torques also produce nutation
which must be damped. The following is a discussion of the sources of these torques,
‘their influence on 0SO, and how their effects are controlled.

4.1 ROTATIONAL DYNAMICS OF 0SO

The 0SO behaves much like a simple, single-body gyroscope, in that they both display
"gyroscopic rigidity". This characteristic is due to the rotation of a body about an axis
(called the spin axis) which itself may or may not be rotating about some other axis.
Because of the angular momentum stored in the wheel, 0SO behaves according to basic
gyroscopic principles. There are, however, some significant differences that make its
motion much more complicated than that of the simple gyro, and the simplified analysis
does not accurately describe this complex motion. Some of the more important differences

are:

° The simple gyroscope is usually considered to be a rigid body
(i.e., not consisting of flexible parts); 0SO is semi-rigid.

. The spin rate of the simple gyroscope is normally assumed to be
thousands of times greater than the cross-spin rates; with 0SO
pointing control reactions produce cross-spin rates as large as
0.1 times the spin rate.

] The simple gyroscope consists of a single rotating body; 0SO
consists of two bodies one of which is constantly spinning (the
wheel), while the other (the sail) is normally de-spun. Also,
movements of the pointed instruments give the moments of inertia
(MOI) of the sail a time-varying character.

. The simple gyroscope is acted upon only by external torques; 0SO
is acted upon by both external and internal torques. The internal
torques come from the elevation and azimuth servos, the nutation
damper, and other non-rigid components.

4,2.1 Rotational Dynamics of 0SO

In early 1965, BBRC began a thorough analysis of the short-term dynamic properties of 0SO.
This work was performed under NASA contract NAS5-3695. It was completed in late 1965 and
is documented in BBRC Document No. F66-06, 0SO Dynamic Analysis. Much of this discussion

of 080 dynamic properties was derived from that report. Other sources were the BBRC
Document No. F63-3, S-16 Final Report, and analysis and tests of 0S0-7.
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Definition of Nutation, Precession and Wobble. The 0SO is a spin-stabilized satellite

with a biaxial pointing system. The satellite 'precesses" and '"nutates' when external
and interbody (internal) torques are applied and "wobbles" when the spinning part is not
perfectly balanced. Nutation and wobble contribute to short-term pointing instability
(jitter) of the pointed instruments.

The coning motion of a balanced, symmetrical satellite that is slightly disturbed from a
condition of ''pure spin' about its symmetry axis we refer to as '"nutation'". The term
"precession' is used to describe the motion of the angular momentum vector during applica-
tion of external torques. Both precession and nutation occur during application of external
torques. Interbody torques only cause nutation.

The term "wobble" is used to describe the '"steady state" motion which results from imperfect
balance of the wheel.- Wobble and nutation are usually present simultaneously.

Motion of 0SO's Spin Axis During Pitch Precession. To adjust 0SO pitch attitude, control

torques are applied about the X-axis (roll axis) by means of gas jets. These torques
cause precessional motion about the Y-axis (pitch axis). The pitch control circuits and
gas system, are designed to keep the spin axis aligned to within 3 degrees of normal to
the sun line. The spacecraft dynamics associated with this system are discussed here.

In this analysis, we will first present the gyroscopic motion of a rigid, symmetrical 0SO
being constantly torqued, the motions of the same 0SO after the external torquing has been
removed, and finally a nonsymmetrical 0SO being torqued.

For sufficiently small torques the spin axis and angular momentum vector rotate at
approximately the same constant rate. This is the only important motion of the typical
simple gyro. For larger torques the spin axis (S) nods or nutates with respect to the
smoothly precessing momentum vector (H). § traces a cycloid while H follows a great
circle path. During 0SO pitch precession the maximum separation between 5 and H is about
0.05 degree. This motion is depicted in Figure 4-1%. In this figure, the X, Y and Z axes
are shown as they would appear before the pitch thrust (F) is applied to the spin axis.
After the pitch jet is activated, the product of F and its distance from the center of
gravity of the spacecraft results in a torque (Mx) about the roll axis. This causes the
spin axis to rotate (precess) toward the roll axis since it adds momentum along that axis.
The paths of H and § during precession are shown as vectors with the precession angles in
the XZ plane represented by oy and ag, respectively. Because the H vector moves only in

the XZ plane, it always makes an angle of SH = % radians with the pitch axis. The §
vector, however, moves in both the XZ and YZ planes and makes an angle of es with the

pitch axis.

*Figure 4-1 was drawn with the spin axis in the horizontal plane so that an edge view
could be obtained of the pitch plane, in order to illustrate the motion of H and S more
clearly.



Motion Equations of H and §

During Precession (Symmetri-
cal 0S0). The motion of H

and S during precession can ' (PITCH AXIS)

be described by a series of : Y

equations, that were derived 4

in BBRC Document No. F63-3.

These equations are dis- C\ PRECESSION

cussed below: nl

ws

The position of H after t /7;

seconds of precession is 81% , ﬂ:
identical to that for the 3 N X {ROLL AXIS)
typical simple gyro, thus: 4y T:%’ /PATH oF
A i (Rad) (1) ] -~ 5
H ™ Hg Touwg W PATH OF S

N S

where I, is the wheel spin Qﬁ? T=%§ ag LEADS ay
MOI and w, is the .wheel spin Qéb agLAGS ay

rate.

The rate at which H precesses

in the XZ plane is: _
Figure 4-1 Motion of H and S During Pitch Precession

M
&, T +—> (Rad/sec) (2)
q Isms (Rad/sec

The roll axis torque does not add pitch axis momentum, so eH is constant at % radians =

90°.

The position of the S projection in the XZ plane at any time during precession is given by:

Mxt Mx Sin Pt
Oe = - (Rad)
S Isws IswsP

where "P" is the nutation frequency of the 0SO, given by:

Isug
P = T (Rad/sec),
t

where It is the transverse MOI of the entire spacecraft.

Thus, it can be seen from Equation 3 that S leads or lags H by the amount:

M_ Sin Pt
= _
IswsP
and in Figure 4-1 we have shown that og lags oy during the first half-cycle of nutation,

leads oy during the last half cycle, and coincides with oy at the end of each nutation

cycle (t = %1)..

(3)

(4)



The rate at which § moves in the XZ direction is given by:

M Mx Cos Pt

ag = T - T o, (Rad/sec) (5)

.

Thus, og = 0 at the end of each nutation cycle (t = %1) and is equal to twice the a

y rate
(i.e., &s = Z&H) at the half-cycle point (t = %).
The position of § in the YZ direction is given by:
- Mx(l - Cos Pt)
bg = 7 * T %P (Rad) (6)
s's
From this it is seen that BS = % (the same as 6H) at the end of egﬁh nutation period (t = %1
. ™ X .
and equals % + Tgmfﬁ at the half cycle point (t = 5). The term Ismsp is, therefore, the
maximum nutation amplitude of S in the YZ plane and is denoted by:
2Mx
A = (Rad) (7)
n ISwSP
The rate at which § moves in the YZ plane is given by:
. M, Sin Pt
es = _I—(J)—_ (Rad/sec) (8)
s's
Cle;rl at both 2% and I 8 =0
Y 3 P> S y
The residual nutation amplitude at any time is given by the following equation:
r=3 63+ 82  (Rad) (9)

where "r'" is the half angle of the circular nutational motion (assuming that the transverse
MOIs are equal) and &S and éS are the velocity components of S at the time the torque is
removed. Thus, the amount of residual nutation left after a pitch correction depends on

when the pitch torque is removed. This residual nutation is damped by the 0SO nutation
damper.

Motion Equations of S During Precession (Unsymmetrical Body). The equations of motion given
above apply to a single-body, symmetrical OSO under constant torque. However, the actual 0SO
consists of both a rotating "wheel” and a normally stationary "sail" and it is, therefore,
necessary to determine the effects of this stationary sail and the pointed instrument
assembly (PIA) on the motion of §.
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If the total* transverse MOIs of 0SO are unequal (i.e., Ix # Iy) after the effects of the
sail and PIA are accounted for, the 0S0 is said to be asymmetric. The nutation frequency

becomes:

Igug . '
P = === (Rad/sec) (10)
Iny

However, as shown in BBRC Document No. F63-3, the ag equation remains the same as in the

symmetric case but the 8g equation changes to:

M I (1 - Cos Pt)
X'y

)
Igwg

(11)

o
b =2 *

Thus, for a composite 0SO (wheel + sail + PIA) with unequal total MOIs about the transverse
axes, both the frequency and amplitude of nutation are different than for a symmetrical 0SO.

Residual Motion of § After Pitch Correction Has Been Completed. It was shown in the pre-
ceding section that the angular momentum vector, H, remains in the XZ plane (GH = n/2) at
all times during torquing. When torquing of the gyroscopic body is stopped, the residual
motion is a nearlf circular motion of the spin vector about the angular momentum vector.
From Equation 6 it is seen that the amplitude of this motion is dependent upon the position
of S on the cycloidal path at the time torquihg is stopped. Thus, a maximum residual
amplitude of ZMx/ISwSP will remain if t = (2n + 1) w/p; and no residual motion is present
if\torquing stops when t = 2n w/p, or when the spin vector is coincident with the angular

momentum vector. This motion is illustrated in Figure 4-2. Asymmetries of the sail and

PIA make' the spin axis cone slightly elliptical.

Values of Some 0S0-7 Dynamic Parameters

Spin MOI of Wheel: I_ = 92.8 slug-ft’.

Spin MOI of Sail: I_ = 19.6 slug-ft.

Transverse MOI. of Wheel and Sail with Pointed PIA (geometric mean value):

I, = 84.35 slug-ft°.

I
MOI Ratio (orbit day condition}): TE = 1.1
t

Pitch Torque: Mx = 0.356 ft-1b.

. I w
Nutation Frequency: P = —%—§-= 3.46 Rad/sec.

t

*The '"total' transverse MOI of 0SO takes into account, in addition to the transverse MOI
of the wheel, the MOI of the sail about the X and Y axes and the MOI of the PIA about
the X and Y axes. Thus, Ix and Iy refer to the total (wheel + sail + PIA) transverse
MOI of 0SO about the X and Y axes. When the PIA is pointed or "free wheeling" the 0SO
moves as if the X axis MOI of the PIA was absent. :
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Maximum Nutation Amplitude
During Pitch Precession: .
ZMx -3 ?
An = w = 0.685 x 10 Rad
. — . THERE IS NO RESIDUAL MOTION
A?gular Veloc?ty of H During IFTORQWNGSHPSATt=2n"~
Pitch Precession: (n= ANY NUMBER OF NUTATION
. M, -3 pad CYCLES)
oy = g = 1-22 x 10 ad/sec. >
s’s
—
. Ve
4.1.2 Interactions 27~
Between the [ / \
Pointing Control z \\ m i
System and SN L& PATH OF S IF TORQUING STOPS AT SOME
Nutation 3 poINT BETWEEN Z2EILT pyp 207
3 2n+l
The coupling between the azimuth PATH OF S IF TORQUING STOPS AT t = ("—P)—"
and elevation servos is complex.
Some conclusions obtained from

computer analysis regarding Figure 4-2 Residual Nutation of S After Constant
these couplings are summarized Torquing Stops

in the following paragraphs:

Effects of the Azimuth and Elevation Servos in Nutation on the Pointing Mode. The azimuth

and elevation control servos form a biaxial pointing control system. When the sail is
accelerated in azimuth by the azimuth servo, the reaction torque (acting about the spin axis)
causes a small change in the wheel spin rate (w). This torque has little effect on 0SO
nutation. On the other hand, when the PIA is accelerated in elevation by the elevation
servo, the reaction torque is in the "cross-spin" direction (perpendicular to the spin axis)
and thus directly affects the nutational motion of the spin axis.

During the normal pointing mode, i.e., after coarse acquisition has occurred, any spin axis
nutation causes a periodic disturbing torque to be applied to the PIA about the elevation
bearing axis. This disturbance, caused by friction in the elevation bearings, causes periodic
changes in the elevation pointing error (jitter). The elevation servo generates corrective
torques proportional to the magnitude and rate of change of the elevation pointing error.

Torques from the elevation servo have a slight tendency to increase nutation. In 0S0-7,
this tendency is very small and is nearly damped out by the nutation damper. The effect

is a small residual nutation, on the order of 1 arc-second, the result of a balance between
the tendency of the servo to increase nutation and the damper's tendency to squelch it.

Effect on Nutation of Dusk Transient. When the spacecraft passes into the shadow of the
earth the solar reference is lost. When this happens the PIA is pulled over to the negative

stop position by the elevation axis spring. This causes nutation as illustrated in Figure 4-3.
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NUTATION AMPLITUDE (RADIANS)

PIA ELEVATION ANGLE (RADIANS)
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Figure 4-3 Dusk Transient
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The first trace shows the elevation angle of the PIA as it moves over to and bounces on

the stop. The second trace shows the resulting nutation.
of the PIA before contact with the stop causes only a small amount of nutation, about
30 seconds of arc peak-to-peak.

The contact causes nutation to increase to just under

0.1 degree. The damper then rapidly reduces nutation.

Effect on Nutation of Dawn

Acquisition.

the earth into sunlight at
the sun. Because the gyro
small. There is, however,

Figure 4-4 shows the
nutation caused by such a
transient. The spacecraft
is in a 3 degree pitched
down position, and the PIA
is at the negative stop,
because of the spring.
This is a worst case,
i.e., the pitch angle is
at its limit and of a
polarity to cause maximum
PIA motion at acquisition.
During the PIA transient,
which lasts 10 seconds,
nutation reaches a maxi-
mum amplitude of 1.0
degree. It then begins

to decrease due to

damper action.

Nutation Damper Action.
The damper used on the
0SO consists of a bob of
dense material attached
to the end of a length of
piano wire. This bob is

immersed in a viscous

fluid which applies retard-
ing forces to the bob. The
bob and damping fluid are
contained in a compact
case. This damper dis-

Notice that the initial motion

When the spacecraft emerges from the dark side of

orbit dawn, the azimuth and elevation servos point the PIA at

holds the sail position at night the azimuth transient is very

a large elevation transient.

NUTATION AMPLITUDE {RADIANS)

T
RN
NIAVIY
MRIR/AAIRTIN

RN

Figure 4-4 Dawn Transient

sipates the kinetic energy associated with nutation by converting it into heat.
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The total rotational kinetic energy of a nutating OSO can be expressed as the vector sum
of the spin kinetic energy (TS = 1/2 Iswi) and the cross-spin kinetic energy (Tt = 1/2 Ith).
Thus, the total kinetic energy is:

2 2
T=1/2 Isws +1/2 Itwt (12)

The cross-spin kinetic energy is associated only with the coning motion (nutation) of the
spin axis about the spin angular momentum vector (Hs), and must decay to zero if the nuta-
tion cone is to collapse onto the angular momentum vector. It can also be said that the
total angular momentum (H) is the sum of its spin and cross-spin components, or

H=H, +H, (13)
If it is assumed that the nutation cone collapses strictly as the result of dissipation of
energy by the nutation damper, then the total kinetic energy of the spacecraft must change;
but its angular momentum remains constant (since no external torque is involved). Because
the angular momentum vector is constant, the final spin rate of the wheel (after dissipating
the nutation energy) can be calculated as follows. Initially,

2 _ 2 2 ) . .

H"® = (Isws) + (Itmt) (from Pythagoras' theorem for right triangles)
The (Itmt)2 term in the above equation is reduced to zero as the cross-spin component is
dissipated by the nutation damper. Using * to denote final values we write the fluid momentum

as
2 _ 2
H*S = (I w}) (14)

However, since H* = H, w, must increase and the final spin rate (w;) can be calculated as

follows:
2 2 2 2
x4 = =
H (Isw;) (Isws) + (Itwt
or ' 2 _ 2 [It)2 2
w; = g ¥ T; wy . (15)

The final kinetic energy of 0SO after dissipation of the nutation energy is:

2
2 2 t 2
= 1/2 Iswg = 1/2 ISwS + 1/2(Ts—> (.Ut (16)

X = T*
T Ts

The net change in kinetic energy (AT) during collapse of the nutation cone is the difference

between the kinetic energy expressions in Equations 12 and 16, thus

I
T - T* = 1/2 1,[1 - -&w? (17)
t IS t

I
or , AT = ( —-TE)Tt
! S

AT
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The conclusions that can be drawn from the above are that:

° Ht and Tt have decayed to zero
. Ts has grown to T;
. The total kinetic energy of 0SO must decrease if IS > It

The increase in wheel spin rate is caused by a damper spin axis torque which the azimuth
servo transmits to the wheel. Thus, as the damper dissipates the cross-spin energy the
azimuth servo increases the spin kinetic energy (this energy is actually supplied by the
solar array).

0S0 Nutation Damper Performance. The 0SO nutation damper (with a seismic mass of 1/1800

of the spacecraft mass) causes a nutation amplitude of less than 1/3 degree to decay to
about 1/3 of its initial value in about 2 minutes (larger amplitudes force the damper bob
against the case).

4.2 BALLASTING FOR PROPER MOMENT OF INERTIA

0S0-7 is inertially '"disk-shaped" in the sense that the wheel spin moment of inertia (MOI)
is greater than the overall transverse MOI. Location of wheel equipment and wheel rim
ballast weight is carefully arranged to meet this requirement. The reason for making the
spacecraft inertially "disk-shaped" is to assure nutational stability. We thus ensure

that the nutation cone collapses rather than expands following a disturbance. If this MOI
relationship was not achieved, stability would be dependent on the relative energy dissipa-
tion rates on the sail and wheel. 0S0's disk-shaped design assures that the spacecraft is
unconditionally stable and avoids the expensive testing and analysis of potentially
destabilizing mechanisms on the wheel.

Ballasting also affects wobble. If spin and transverse inertias are close to one another,
dynamic imbalance will produce a large wobble coning motion. For this reason, a margin
must be allowed bétween.spin and transverse inertias. With the sail despun the wobble
angle is proportional to the imbalance and inversely proportional to the difference
between the wheel spin MOI and the mean of the overall transverse MOIs.

Stability Criterion. If the spinﬁing and non-spinning sections of the spacecraft were
symmetrical, so that the transverse MOIs were the same about X and Y axes, then the
stability criterion would be:

Is(wheel) B IT(overall) >0 (18)
For the real case of an 0SO-7 with both sail and wheel that are asymmetric, we use the
criterion that spin MOI must exceed the geometric mean of the overall transverse principal
MOI's where the largest tranéverse principal MOI of the wheel is used in both axes (care is
taken to ballast for nearly equal wheel transverse MOI's). Since measurement of MOIs cannot
be made exactly, we add a margin of 2 slug-ft2 to the requirement. The final ballasting
requirement for stability is



Ig (whee1) ~ J(Ix)(ly) > 2 Slug-ftz (19)

since the transverse principal axes are approximately along the X and Y axes.

Wobble Criterion. The ballasting requirement from a wobble standpoint is slightly different.

An asymmetrical spacecraft will have a nearly (but not exactly) circular wobble cone that
is approximately defined by:
s (20)

Is - IT

3

ewobble

where U is the dynamic imbalance and Tf is the average of the transverse MOIs. We can
dynamically balance the spacecraft to about 250 oz-inz. We would like to hold 8wobble O
3 arc-min (a total wobble cone angle of 6 arc-min or 0.1 degree) to control 'blur" at the
sun's 1limb, To meet this criterion, the ballasting requirement is:

Iy (whoey = | () (1) > 4 slug-ft? (21)

Note that the wobﬂle criterion is based on a daytime pointing requirement. At night,
wobble can be larger since no pointing is taking place. Larger wobble is expected at
night because a spring pulls the pointed-instrument assembly against one of the stops.
This effectively increases the transverse moment of inertia.

Summary. The 0SO-7 spacecraft is ballasted so that both of the requirements (Equations
19 and 21) are met. For 0SO-7, the wobble requirement sets the ballast size.

0S0-7 Mass Properties. The more important 0SO-7 mass properties are given in Table 4-1

4.3 STABILITY AND DYNAMICS DURING INITIAL ACQUISITION

As discussed in Section 7, the sail is spun up to about 33 rpm prior to separation from

the launch-vehicle. Since the spin MOI of the sail is smaller than the overall transfer
MOI, the~observatory>has "rod-1like'" stability properties. As the sail despins and the
wheel spins up, the unconditional stability region is entered. It is possible to calculate
the angular velocity of the sail and wheel for which this occurs. The "energy-sink"

stability condition for symmetric dual-spin spacecraft is:

s [ .
et ) <0 (22)
t\"1 2
where: Ao = (CWs + Isww)/It
Al = Xo - Ws
AZ = Ao - Ww
It = transverse moment of inertia
Tl = energy dissipation rate in the sail

4-11



During the launch sequence, the worst case is when energy is dissipated in the sail but

not in the wheel.

F72-01

energy dissipation rate in the wheel
angular velocity of the sail

angular velocity of the wheel

spin moment of inertia of the sail

spin moment of inertia of the wheel

Table 4-1
0S0-7 MASS PROPERTIES

PARAMETER VALUE
Spin MOI

Wheel Only 92.8 slug-ft>

Wheel and Sail 112.2 slug—ft2

"Night'" Transverse MOI (with PIA locked)

1§ = 89.65 slug-ft2
_ 2
Iy = 87.55 slug-ft

"Day" Transverse MOI (with PIA "floating")

I, = 87.55 slug-ft?
10 - 81.15 siug-ft?
Total Weight (at liftoff) 1415.5 1bs
Ballast Weight 225.2 1bs
Ballast-Stability and Wobble
"Night" Ig(hce1) - (Ii)(l ) = 4.2 slug-ft?
. y

8.45 slug-ft2

1" " D
Day IS(wheel) i \(Ix)(ly)

Since Ao and It are positive and Tl is negative, the stability boundary

for this case is defined by:

or

(23)
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This can be rearranged slightly to give:
(Cc - It) + ’W;)Is >0 (24)

At a ratio of wheel to sail angular velocity of 0.7, the spacecraft enters the unconditionally
stable region. Acquisition is programmed by the launch-sequence subsystem (with the wheel
being spun-up by the jets and the sail being despun by the motor). Unconditional stability

is attained at about 29 seconds, as shown in Figure 4-5.

During these 29 seconds
energy dissipation on
the sail tends to make
nutation grow. This
tendency is small
because little sail
dissipation is expected
with the damper caged
and PIA locked. Figure STABLE

CONDITIONALLY
STABLE

ww
ws

4-6 shows that evén with
the damper uncaged to
dissipate energy, the
spin-up jet control
torque adds spin 05T
momentum fast enough
to cancel the damper's CRITERION:
destabilizing tendency. (C'h)+({%%)[90
To further assure that
0SO is stable during
the launch sequence, we
examined the case in

which the pointed instru-

RATIO OF SAIL SPIN RATE TO WHEEL SPIN RATE

] ]
ments were prematurely 0 } J } 1

. 0 10 20 30 40
unlocked. Our examina-
1 TIME IN SECONDS

tion showed that nutation LAUNCH
build-up could be pre- VE&%{HO
vented by keeping the S N

initial sail spin rate

below about 50 rpm. This
influenced our choice of Figure 4-5 Time Required to Enter Dynamically
a nominal sail spin rate Stable Region During Launch Sequence

of 33 rpm.
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Section S5
OBSERVATORY ASPECT MONITORS

5.1 GENERAL DESCRIPTION

The aspect monitors generate information from which the spacecraft attitude and the in-
stantaneous viewing direction of each experiment instrument may be determined. The

measurements are made using four independent monitoring schemes, each of which is dis-
cussed below. Telemetry data reduction and aspect coordinate systems are discussed in

Appendix A.

Fine Pitch Monitor. The fine pitch monitor is similar to that flown on earlier 0SO
missions. It indicates the observatory pitch attitude when the spacecraft upper structure
is aimed within seven degrees of the sun. Pitch angle is defined as zero when the 0S50
spin axis is perpendicular to the sun line. The pitch angle is normally within 3 degrees

of zero.

The fine pitch solar sensor generates an analog voltage (0 to 5 volts) corresponding to
pitch angles within its range. This voltage is encoded by the data-handling system and
entered in the sail analog subcommutator frame every 15.36 seconds. Four successive

channels, 0.32 second apart, are used, so that short-term changes such as from nutation

or wobble can be observed.

Pitch attitude data are used together with data from the Spin Orientation and Rate
Electronics (SORE) package in the calculation of spacecraft'roll attitude and aspect.

Large Angle Pitch Monitor. The large angle pitch monitor, usually referred to as the
Digital Aspect Sensor (DAS), measures the angle between the wheel plane and the sun line
for any spacecraft orientation with an accuracy of about 1 degree. The DAS is a new

component on 0S0O-7.

The sensor, located in a wheel compartment, views the sun once each revolution. The
pitch angle is encoded using Gray code and stored in a buffer. Every 15.36 seconds it

is read out through channel 34 of the digital subframe.

The DAS indicates spacecraft pitch attitude outside the range of the fine pitch readout
sensor. It does not require orientation of the pointed instruments. toward the sun for

its operation.

Coarse Aspect Monitor. The coarse aspect monitor consists of the Spin Orientation and
Rate Electronics (SORE) and associated equipment, roughly similar to that flown on
earlier 0SO missions. The 0SO-7 SORE incorporates new operating modes which expand

the capability of the monitor.

A solar sensor, or spin eye, mounted on the rim of the wheel, generates a pulse every
wheel revolution as its sensitive axis passes the sun. The magnetometer sensor is
mounted on the rim of the wheel at the lower edge of the antenna skirt. Electronic
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circuits in the SORE package generate one pulse every wheel revolution at the positive-
going zero crossing of the magnetometer output signal. If there is relative motion
between the wheel and sail, one pulse is generated each revolution by an azimuth encoder
(blipper) located in the despin drive assembly.

The outputs from these three sensors are combined with a data-gate time reference in the
SORE to provide time-interval information. The telemetered counts correspond to the
number of 800 bps spacecraft clock pulses that occur between the signals generated by the
sensors and the data system timing reference. The desired counting mode may be selected
by ground command.

Fine Aspect Monitor. The fine aspect monitor, usually called the Aspect Sensor Assembly

(ASA) or, more simply, the star sensor, is a new component on 0SO-7. It generates in-
formation from which the spacecraft and experiment aspect is calculated more accurately
(to about 0.1 degree) than with the SORE. The ASA provides data only during orbit night.

The star sensor, mounted in a wheel compartment and aimed downward at an angle of 37 degrees
from the wheel plane, measures the intervals between observations of bright stars as the
wheel rotates. The ASA registers crossings of stars in an elevation band about ten degrees
high. The images enter one vertical and one skewed slit spaced in azimuth so that the time
interval between the observations of a star by the two slits is dependent on the elevation
position of the star. The detection threshold of the star sensor may be adjusted by

ground command.

The location of the aspect sensors is shown in relation to the payload instruments in
Figure 5-1. The angles indicated on the figure are design nominal values rather than the
result of calibration measurements.

5.2 FINE PITCH MONITOR

The pitch readout sensor is identical to the one used on all earlier 0SO's. The sensor
consists of an analog sun-sensing unit and electronic signal-conditioning circuits all
contained in a common housing. It is mounted on the sail with its optical axis parallel
to the spacecraft roll axis.

The sensing unit consists of a filter/reticle and a pair of silicon photovoltaic cells
arranged as shown in Figure 5-2. The beam of sunlight that goes through the slit in the
reticle falls equally on the two cells at null. As the angle between the sun line and
the sensor axis increases, the energy increases on one cell and decreases on the other.

The cells are connected in parallel opposition. The resulting output is linear to
approximately +6.5 degrees (where the light beam no longer falls on one of the cells).
Beyond 6.5 degrees, the output continues to increase slightly until the entire beam of
light is on one cell. The output then stays constant until the -light beam begins to
move off the cell. The total field of view of the sensor is about 25 degrees. The
electronics serve to limit the output of the sensor at an angle corresponding to about

+5.5 degrees, resulting in the overall output-versus-angle characteristic shown in
Figure 5-3.
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Figure 5-1 Location of Aspect Sensors and Reference Axes
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The output of the fine pitch monitor is sampled by

four consecutive channels of the sail analog sub-

. : CELLS
commutator. Since the periods of nutation and

wobble are roughly 2 seconds, the four consecutive

|
-

readings cover about one-half of a period in each FILTER/

sample interval. This provides a better means of RETICLE

TTTTTT/

evaluating nutation and wobble than was available

e —— -

,_
|
|
|

on earlier 0SO flights.

St

. SUNLIGHT
The angle between the spacecraft roll axis and the ¢

sun line may be reconstructed from the telemetered

. . |
data using the relation: ,h

FILTER /
e RETICLE

/ /
Pitch Angle (degrees) = (count - 130) x 0.0368 / //I ///

. DEPOSITED
The negative sign in this angle occurs when the ALUMINUM
roll axis is below (in spacecraft coordinates) the suT

LIGHT BEAM
sun line.

. SILICON s
5.3 LARGE-ANGLE PITCH MONITOR Egg{gvomlc > ¥ PITCH

The large-angle pitch monitor consists of the

Digital Aspect Sensor (DAS) and supporting Figure 5-2 Diagram of Pitch
electronic circuits. The DAS provides a telemetry Readout Sensor
readout representing the angle between the observa-

tory wheel plane and the sun line. This angle (pitch angle) is measured to an accuracy of
t1 degree for any spacecraft attitude. The DAS uses two sets of sensors, each having a

90 degree vertical field of view, and a 1.5 degree horizontal field of view. One set is

used to read negative pitch angles, and the other is used when pitch angle is positive.

As the wheel rotates, the sky is scanned by the DAS once each revolution. When the sun is
in the field of view, the pitch angle is encoded and stored until read by telemetry (DSF
word 34). The unit may be turned on or off by ground command.

The main purpose of the DAS is to determine the pitch angle when the fine pitch sensor

is not usable. The DAS consists of a sensor assembly, and an electronics assembly.

The sensor assembly consists of two separate sets of sensors, each of which operates

over a 90° field of view. The two sets are arranged symmetrically about the wheel plane,
thus providing the full 180° of coverage. Each set of sensors consists of two sensors,
one '"command eye', and one coded eye, as shown in Figure 5-4.

Figure 5-4 illustrates the principle of operation of a set of sensors. When the sun's
rays strike the reticles of a set of sensors, the command eye output causes the coded eye
output to be read into the storage register. The register stores the digital output until
the next command-eye pulse or until it is cleared by the telemetry readout.
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The output of the DAS .

is contained in a T

-single eight-bit DSF VT
telemetry word. As . 5 I
seen in Figure 5-4, § wT [
the most-significant z |
bit indicates which. % 3V

set of sensors is

N Il
t T

4° 10° 20° 30°

illuminated, and thﬁs
establishes the sign
of the pitch angle.

PITCH ANGLE —»

The other seven bits
contain the coded
data representing the

magnitude of the
angle. Note that the

seven digit bits of
the two coded eyes Figure 5-3 Pitch Readout Sensor Output Curve
are operatéd in parallel. The 7-bit code is accommodated in a single 8-bit word, because
oﬁly one coded reticle is illuminated af one time. The eighth bit indicates which reticle

is illuminated.

Readout occurs when the "word gate' signal is present. This signal is such that it overlaps
eight clock pulses. The gate signal allows the clock to step the contents of the storage
régister'into the telemetry frame. It also inhibits the command eye pulse in order to pre-
vent invalidation of a reading by a bit being read into the register during the shift period.

The outputs of the photocells are conditioned by the bit amplifiers. The output of each
bit amplifier is 0 volts or +5 volts, indicating whether a photocell is illuminated or not.
The change of state occurs at about 0.75 of mean solar intensity, to avoid the possibility

of having the register loaded by earthshine.

Gray Code. Any'angle'encodef, whether optical or mechanical, must provide some means of
avoiding certain ambiguities which arise if a natural binary-code pattern is used. The
origin of these ambiguities can be seen by examining the natural binary numbers of Table 5-1.
Consider the case where the angle is changing from 4 to 3. If the third binary digit from
the right wefe'to'chénge before the first two, the angle would change to 0 instead of 3.
Since no mechanical or optical encoder can be perfect, this sort of érror can always occur.
To eliminate this difficulty, so-called unit-distant codes, which permit only one digit at

a time to change, have been designed. Such a code, named cyclic binary, reflected binary,

or Gray code, is used on the 0S0-7 DAS.

Two methods are available to decode the data: 1look up each number in a calibration table,
or use a mathematical relation suitably programmed into a computerized data-reduction

procedure.
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Figure 5-4 Principle of Large-Angle Pitch Monitor

Table 5-1
GRAY-TO-BINARY CONVERSION

(1) The most significant bit is the same in either code.
(2) Each succeeding binary bit is the complement of the corresponding Gray bit

if the preceding binary bit is a "one" or is the same as the corresponding
Gray bit if the preceding binary bit is a '"zero'.

Decimal Binary Gray
0 00000000 00000000
1 00000001 00000001
2 00000010 00000011
3 00000011 00000010
4 00000100 00000110
5 00000101 00000111
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5.4 COARSE ASPECT MONITOR (SORE)

The coarse and fine pitch monitors measure the angle between the spin axis (or wheel plane)
and the direction line to the sun. This does not, however, provide a total attitude picture;
it only defines a locus of possible'spin-axis orientations. In order to fully define the
great circle of the sky being scanned by the rotating instruments, or the portion of the

sun being observed by the pointed instruments when operating in the offset mode, the
orientation of the spacecraft spin axis in the celestial sphere must be fully defined. To
establish the spin axis direction, it is necessary to find another reference independent

of phe sun. The one used by the SORE is the earth's magnetic field.

The main function of the SORE, is to fully define spin axis direction at any time in the
flight. It does this by telemetering the wheel plane angle between the solar vector and
the earth's magnetic field. Mathematical computations, described in Appendix A, relate
this angle to the known directions of the solar and field vector, and yield the spacecraft

roll orientation, referenced to the celestial north pole.

In addition to providing spin-axis direction, the SORE also provides information from which
the instantaneous position of a rotating instrument's optical axis may be calculated. This
information is time-related to the telemetry frame. Thus, an experimenter can relate

observed cosmic events to their particular direction of origin.

In both of the measurements defined above, observatory spin rate is a necessary parameter.
Spin-rate may be calculated to within 1‘10'4 rps using SORE data. Another potentially
useful function provided by the SORE is information from which sail spin rate with respect

to the wheel may be calculated.

5.4.1 SORE Signal Inputs

Magnetometer Signal. The magnetometer signal input to the SORE is generated in a flux-gate
magnetometer which produces a voltage proportional to the magnetic field along its sensitive

axis. Since the magnetometer rotates with the wheel, its output is an ac voltage phased

with wheel rotation. A detector in the SORE produces a pulse when the positive-going zero
crossing of the magnetometer signal is sensed. The zero crossing of the signal is sensed
rather than its peak since the greater slope of the signal at its crossing makes the crossing
the most easily sensed point on the signal over a wide range of field magnitudes.

The magnetometer consists of an oscillator, sensor, signal amplifier, and demodulator
(Figure 5-5). The oscillator provides an alternating current large enough to cyclically
drive the core into magnetic saturation. If there is no external magnetic field acting
on the core, the core saturates equally on both the positive and negative portions of the
cycle, and the flux generated in the core has a symmetrical pattern. If there is a
magnetic field acting on the core, the core remains saturated longer on one

half of the cycle than on the other. The flux generated in the core then has an
assymmetrical waveform containing even-order harmonics of the excitation frequency, not
present in the symmetrical flux pattern. For weak magnetic fields such as that of the
earth, the even harmonics are proportional in magnitude to the intensity of the applied

magnetic field.



The amplifier signal
from the oscillator
excites the primary
winding on the sensor.
The signal from .the
sensor secondary passes
through an amplifier
tuned to the second
harmonic of the oscil-
lator frequency. The
amplitude of this
harmonic signal is pro-
portional to the
strength of the magnetic
field at the sensor.
Using a second-harmonic
reference voltage
(derived from the same
transformer that drives
the sensor), the signal
is demodulated, thus
producing a dc output

voltage proportional to the strength of the earth's magnetic field.
network from the output to the sensor secondary is used to temperature-stabilize the
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Figure 5-5

circuit and to provide automatic gain control.

Aspect Spin Eye Signal.

solar sensors on an aluminum block, mounted on the
planes parallel to the spin axis.

Each of the four eyes consists of a housing, lens,

photovoltaic cell.

lens, and the slit in the aperture plate defines a

The copper-foil aperture plate

Flux-Gate Magnetometer

long, narrow field of view, 26

A negative feedback

The aspect spin eye is part of the spin sensor assembly and is
identical to that used on earlier 0SO's. The spin sensor assembly is an array of four

rim of the wheel, with their sensing

aperture plate, filter, and a silicon
is located in the focal plane of the
2 degrees

in elevation and 2.5 ¢+ 0.5 degree in azimuth. The eyes are mounted so that the fields of

view of two of them are symmetrical about the wheel plane, while the other two are canted

up 3 degrees and down 3 degrees, respectively.
the automatic spin control system.

The outputs of the two canted eyes go to

The other two eyes provide outputs for the SORE and

the auto-spin limiter in the spin control assembly.

The aspect spin eye pulse is squared and amplified in the SORE package.

It is used to

indicate the time when the aspect spin eye reference crosses the solar vector in each

wheel revolution.
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Azimuth Encoder (Blipper) Signal. The blipper generates one pulse each revolution of the
wheel relative to the sail. When the sail is pointed at the sun, the blipper pulse occurs
within #0.1 degree of the aspect spin eye pulse. Thus, if the sail is held in its sun-

pointing position at night (by using the gyro for azimuth control), the blipper pulse can

be used as a night-time equivalent of the sun pulse. The blipper pulse is used as a

reference by the SORE and by the ASA.

The blipper sensor consists of a magnet attached to the azimuth shaft and a magnetic
pickup attached to the hub (Figure 5-6).
sail and the wheel, a pulse is produced each time the pickup passes under the magnet.

When there is relative rotation between the

This pulse is coupled to the zero-crossing detector.

The zero-crossing detector
consists of a modified
Schmidt trigger and a
single-shot multivibra-
tor. The Schmidt

trigger circuit converts
the roughly sinusaidal
wave output of the
magnetic pickup into a
The trail-
ing edge of this square

square wave.

wave represents the zero
crossing of the magnet's
field and, therefore,
corresponds to the actual

center of the
This pulse is
and inverted,
trailing edge
verted to the

magnet.
amplified
and the
is con-

leading

edge by the single-shot,
which serves as an ampli-

fier.

Other Signals. In addi-
tion to the sensor signals

ZERO CROSSING DETECTOR B
(LOCATED IN SORE PACKAGE ) +V  SINGLE - SHOT

|
| I
<
SCHMIDT TRIGGER - E r@ : :
WA - 3 _

I

I

I
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-L" . 3 OoUTPUT
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sv
—GRD

ZERO CROSSING

Figure 5-6 Azimuth Encoder (Blipper) Operation

described above, the SORE unit receives and uses the following inputs:

. 'DSF Word Gate 2, for SORE timing reference

. 800 Hz telemetry clock signal, to be counted for measuring time
intervals
. DSF word gates for gating data out of the counters
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. Day-Night indicator which selects either daytime (sun) pulses or
night-time pulses (Mag or Enc).

. Command signals for ground control of SORE operating modes.
5.4.2 The SORE Unit

Figure 5-7 shows the basic functional parts of the SORE unit. Intervals are measured by
gating the counters, driven by the 800 Hz telemetry clock signal, in response to the
various pulses described in Paragraph 5.4.1. Table 5-2 shows the counting intervals pro-
vided by the SORE in each of its operating modes, and the telemetry monitor points which
indicate modes. The A counter alternates between the Al and A2 interval each digital

subframe.
-
DSF—I;]
| DSF-12
o o LI
INDIIATOR gfocx_’ COUNTER B-16BITS C DSF-12 OATE
SOLAR
SENSOR (ﬂjj— STONAL COUNTER B
CONDITIONING, CONTROL LOGIC MAIN
o b DSF-2 GATE | RAME
¢ WORD
. COUNTER 7
MAGNE TOMETER D Eggﬁf COUNTER A
P CONTROL LOGIC
v x |
AZ. 800 e DSF-
3-FLAG DSF-36 GATE
ENCODER W Hz —| COUNTER A-13BITS
SPer S snnnnmniinn
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NORM/ENC ___| -
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M DEIANDs & ALTERNATE
ENCODER
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Figure 5-7 SORE Functional Block Diagram
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Table 5-2
SORE MODES

=
/ 5
N
v/ D/, ~
/5 X
2/, e N
SORE MODE NAME INAYR DAY OR DSF-11/12 A° DSF-36/37
,~>Q,“° %/ NIGHT (Count B) /% (Count A)
R/ & L,
é? Q <§> é?

Normal/Enc Enab 0|11} Day DSF-2 to Sun | 1| Al/Sun to Sun

0 | A2/Mag to Sun
0 | Night |[DSF-2 to Enc |1 | Al/Enc to Enc(l)
(1) 0 | A2/Mag to Enc(1)

Normal/Enc Disab 010]1 ]| Day DSF-2 to Sun | 1| A1/Sun to Sun

0 | A2/Mag to Sun

0 | Night DSF-2 to Mag (1 | A1/Mag to Mag

0 | A2/Mag to Mag

Alternate/Enc Enab 1 {1]1]|Day DSF-2 to Sun {1 | A1/Sun to Sun
0 | A2/Enc to Sun(1)
0 | Night DSF-2 to Enc |1 | A1/Enc to Enc(1)
(1) 0 | A2/Enc to Enc(1)

Alternate/Enc Disab |1 |0 |1 | Day DSF-2 to Sun (1| A1/Sun to Sun

0] A2/Mag to Sun

0 | Night DSF-2 to Mag | 1 | A1/Mag to Mag

0 | A2/Mag to Mag

(1)

mode after solar acquisition)

Meaningless unless sail rotation is stopped (gyro on or day
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Table 5-2 shows that DSF-11/12 always represents intervals between the fall of the DSF-2
word gate and the rise of a sensor (Sun, Mag, or Enc) pulse. This composite word ties the
timing of the telemetry frame to the phasing of wheel rotation.

The Al counting interval is the time for one revolution of the wheel, either with respect
to the sun line (Sun to Sun), the magnetic flux vector (Mag to Mag), or the Sail (Enc to
Enc). What is telemetered by the Al count is simply the spin period.

The basic count telemetered by the A2 count is the Mag-to-Sun interval, which is used in
the calculation of spacecraft roll attitude. In the normal mode, provided that the
blipper is enabled and the gyro is on, the encoder pulse serves as a night-time equivalent
of the sun pulse. The Enc-to-Sun count available in the Alternative/Enc-Enab mode provides
a means of checking (1) coalignment of the blipper with the spin eye in the sun-centered
point mode (2) position of the sail in the offset point mode; or (3) position of the sail
when slewed away from the sun in the gyro-controlled point mode.

The other intervals available in the A2 count duplicate those in the Al count, in the same
modes.

The basic principles involved in the 0SO-7 SORE are the same as those in earlier 0SO's.
The major differences are:

. Separate counters for the A and B counting intervals

. The blipper for use with the gyro in providing night-time aspect
information

. The expansion of the counters to accept higher counts, thus providing

data over a wider range of spin rates

. Mode-selection commands to provide ground control of the counting
interval selection, and telemetry monitors of these modes

The operation of the SORE will be explained by going through a typical frame sequence and
discussing the timing of signals. The mode selected for discussion is the SORE Normal/Enc-
Enab Day mode. Any of the other modes would be similar, but simpler.

The sequence starts with the fall of DSF word gate 2, which starts counter B by ungrounding
B's clock pulse input. Word gate 2 also enables a flip-flop circuit which will later
unground the input to counter A.

The first sun pulse after DSE-2 stops counter B, and starts counter A. The count is held
in counter B for later readout. The second sun pulse after DSF-2 stops counter A and
inhibits counter A from being further gated open until it has been again enabled by the
next DSF-2 gate.
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The count, representing the time from DSF-2 to the ensuing sun pulse, remains in the

B counter until DSF-11, when the 8 least-significant bits are read out into the digital
subframe. The 8 most-significant bits are then read out by DSF-12, the trailing edge of
which clears the counter. The counter then is idle until the next DSF-2 gate.

The count in counter A, the Al count representing the spin period (Sun to Sun), remains
intact until DSF-36. The 8 least-significant bits are then read into the telemetry frame.
The remaining 5 bits are then shifted, along with the 3 status bits, into DSF-37, the
trailing edge of which clears the counter. The counter then is idle until it is again
enabled by DSF-2.

When QSF-Z occurs, counter B is again started and counter A again enabled, but this time

it may be started by a magnetometer pulse instead of a sun pulse. The DSF-2 pulse causes
this alternating action each time it is sensed by the SORE, and the Al or A2 condition of
the counter is indicated in the telemetry frame by the most-significant bit of DSF-37.

The B counter does not alternate, so its loading and readout sequence are the same in
this subframe as in the last. The A counter, however, is now started by the first
magnetometer pulse after DSF-2. The A counter is then stopped by the ensuing sun pulse,
as before. This time the count read out on DSF-36/37 represents the time for wheel
rotation between the magnetometer pulse and the ensuing sun pulse. This is the A2 count.

During orbit night, when the sun cannot be seen, the encoder pulse is substituted for the
sun pulse. For this to be a valid substitution, the sail must be held in its daytime
position (that is, pointed at the sun) by the servo operating in the gyro mode.

5.5 FINE ASPECT MONITOR (ASA)

The fine aspect monitor, sometimes called the star sensor or the Aspect Sensor Assembly (ASA),
operates only during orbit night. The monitor consists of two major elements:

o An on-board star sensor (hardware) shown in Figure 5-8
. A ground-based computer and program (software) used to reduce the data.

The star sensor is mounted in, Compartment 2 of the wheel section and rotates constantly
aboﬁt‘fhe'oBseratory spih éxis:.ﬁThe'étaf seﬁsor generate§ a'pair of pulses each tiﬁé its
field of view sweeps past a star brighter than a preselected level. The sensor circuits
encode azimuth and elevation position data for the star, and multiplex this information
into the telemetry frame for transmission to ground receivers.

The software decodes the data and identifies the stars by comparing the telemetered data
with known star positions. From these data, it calculates the orientation of the 0SO
spin axis and the instantaneous azimuth position of any reference line in the wheel at

any time in the telemetry frame.

The concepts used by the ASA provide considerably higher accuracy than the SORE. Stars make
excellent targets for attitude reference, due to their large number and wide distribution.
In addition, their angular positions are well known.

5-13
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H70-326

Figure 5-8 Aspect Sensor Assembly

S.5:1 ASA Operating Principles

The star sensor hardware consists of the electro-optical components, electronic processing
circuits, and the power supply. The electro-optical components are a sun shield, the lens
assembly, the reticle, and the photomultiplier. Electronic processing circuits include a
preamplifier, a video amplifier, a level detector, logic circuits, the data encoder, and
telemetry-interface circuits. The power supply includes a voltage regulator, a low-voltage
converter, and a high-voltage converter.

Figure 5-9 is a diagram of the ASA optical components. As the lens assembly scans the sky,
the photomultiplier produces a pulse as each leg of the "V" slit crosses a star. The pulse
from the crossing of the first (vertical) leg of the "V" is the azimuth reference for the
star. It is time-referenced to the telemetry frame by the electronic processing circuits.
The night azimuth pulse (blipper or magnetometer) from the SORE also is reported once per
major frame in the ASA data. This provides a rough azimuth reference, which is refined by
the software using the star data.
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Figure 5-9 ASA Optics

The elapsed time between the crossing of the first leg and the second (slanted) leg is
determined by the star's declination (or elevation) angle in spacecraft coordinates.
Thus, each star produces a characteristic "signature' dependent on its position in
spacecraft coordinates. The signature consists of its azimuth position at a particular
time in the telemetry frame, and its elevation position above or below the wheel plane.

The level detector receives the star pulses and excludes those that are below certain
magnitudes (dim stars). This prevents overloading of the data-handling system due to
clusters of dim stars or background noise. The level-detector threshold is normally

set for +3 magnitude stars, but it can be changed to any of eight detecting thresholds

by ground commands. This permits data reduction in the densely-populated areas of the sky.

In each minor telemetry frame (320 milliseconds), the electronic processing circuits
generate two 24-bit words. Each of these words may report a single star. The words are
read out in the telemetry frame on groups of three 8-bit words in the night allocation.
The first report appears in minor frame words 2, 3, and 4, and the second in 18, 19, and
20, as shown in Figure 5-10. The counts are generated by gating a 6400 Hz clock signal
with the DSF-48 word gate, star pulses, and the SORE night azimuth pulse.

At a nominal spin rate of 0.5 rps, there are about six minor frames of data during each
spin period. Thus, a maximum of 12 stars may be reported for each revolution of the wheel.
Different stars may be reported in succeeding revolutions, but a star must be reported at
least twice in a telemetry major frame for the software to recognize it as a valid star

and not noise.
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Figure 5-10 ASA Data Words

The 24-bit word for each star is composed of 14 bits of azimuth information, one flag bit,
and a 9-bit word containing elevation information. The azimuth count is the number of
cycles of 6400 Hz clock signal from the time DSF-48 occurs to the time the vertical slit
crosses the star. The flag bit identifies the data as ''questionable' when more than two
crossings are sensed during a 50-millisecond gate pulse triggered by the first star pulse.
The elevation count is the number of cycles of 6400 Hz clock signal between the two slit
crossings of the star. This counting interval is determined by the spin rate and the
elevation position of the star in spacecraft coordinates.

The DSF-48 word gate synchronizes the azimuth counter at zero every 15.36 seconds. The
azimuth counter, having a count capacity of 16,384 (214), starts at zero every 2.56 seconds.
The timing relationships involved are shown in Figure 5-11. Fortunately, 15.36 is an
integral multiple of 2.56, so once the counter is synchronized with the telemetry frame,

it stays synchronized. The 6400 Hz ASA clock is synchronized with the 800 Hz telemetry
clock. The ground-based computer keeps track of the resets to zero and adds the lost
counts back into the azimuth count for each star sighted.

The occurrence of the first night-time SORE reference pulse (Enc or Mag) after DSF-48 is
reported as a star with no elevation count. If the SORE pulse occurs during readout of
the Z4-bit word, the word is invalidated and the pulse is reported on the next 24-bit word.
Thus the SORE pulses are used by the ASA to provide data for spin-period calculation in
almost the same manner as in Paragraph 5.4.3. The instantaneous angular position of 0S0
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Figure 5-11 ASA Timing Relationships

about its spin axis is calculated by relating the time of occurrence of major frame word
1,1 to the time of the SORE pulse, very much as is done in the SORE. The star data,
however, is used to refine both the pitch and roll angle and the orientation of 0SO about
its spin axis to an accuracy of about 0.1 degree.
The star sensor nominal characteristics are:

° Vertical field of view = t5 degrees

] Azimuth field of view = 2.5 degrees

. Width of each slit leg = 0.036 degrees

. Angle from sensor axis to wheel plane = 37 degrees

. Detectable star range = -4.5 to +4.0 magnitude (selectable gain
thresholds +2.0 to +4.0 in 0.33 magnitude steps)

e - Maximum equivalenf_background = +3.5 magnitude

) Total power consumption = 1.25 watts



. Weight = 10 pounds

. Capable of determining roll, pitch, and yaw position of 0SO to
£0.1 degree

5.5.2 Additional Features

Since the point is missing from the bottom of the "V'" slit, the elevation count cannot be
zero for a real star, as it is for the night azimuth reference pulse. At the nominal
(0.5 rps) spin rate, the elevation count for real stars falls between 16 and 218.

The flag bit lags the azimuth and elevation data by one star word, since the third pulse
would always occur after that data had been shifted into the readout register.

The star sensor electronic processing circuits include features for excluding moon and
earth sightings from the output data. The sun is never seen by the ASA optics, because

of the stray-light shield and the 37-degree offset of the viewing axis from the wheel plane.

The star magnitude.threshold settings are retained from orbit to orbit by keeping power on
the threshold circuits through the orbit day. Threshold status is monitored by telemetry.

A single pulse may enter the digital processing circuits, due to noise, a star of threshold
magnitude where only one crossing pulse exceeds the discriminator threshold, or some other
cause. In such an event, overflow of the elevation counter automatically resets the
elevation counter gates,
The housekeeping data provided by the ASA include:
. Threshold gain setting -- three DSF single-bit monitor channels
. Voltage of the +10, -10, and -2800-volt supplies through WASC channels
° Photomultiplier background current through a WASC channel
° ASA Enable/Disable and On/Off status through a WASC channel.
The star sensor logic circuits include a feature which prevents a 24-bit data word from

being shifted into the telemetry frame before the elevation counter is stopped. Thus, only
complete words are transmitted.
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Section 6
CONTROL SYSTEMS

6.1 . INTRODUCTION

This section presents detailed functional descriptions of the 0SO-7 control systems. The

seven basic systems are:

Pneumatic Pitch-Attitude Control. This system provides automatic pitch control of 0SO to

maintain its spin axis normal to the sun line within 3 degrees. It automatically switches
to the manual mode in case of malfunction. Pitch attitude can be controlled manually by

ground station command when necessary.

Pneumatic Spin-Rate Control. This system automatically corrects the wheel spin rate to
within the nominal 1limits of 0.448 and 0.662 rps. In case of a malfunction in which the
spin rate goes outside the range of 0.391 to 0.699 rps, it automatically switches to

manual spin-rate control by ground station command.

Pneumatic Roll-Attitude Control. This system uses the pneumafic pitch control hardware

to make "fast reaction' roll maneuvers. Using the gyro mode (see pointing control), the
sail is rotated 90 degrees, then manual pitch bursts are commanded.

Magnetic Attitude Control. An alternate method of attitude and spin rate control, using
commandable pitch and roll coils. On ground commands, these coils change the magnetic

dipole moment of the spacecraft.

Pointing Control. The pointing control system provides:

. Automatic solar acquisition of pointed-instrument assembly (PIA),

each orbit morning

. Pointing of PIA at sun-center within 1 arc minute

[ Pointing of PIA to any point within a 128-128 grid centered on the sun
. Small rastering of PIA about any of these points

] Large rastering of PIA about sun-center

° Gyro control of sail (in azimuth) during day or night.

Gyro control will be selected automatically every orbit-night, if desired.

Launch-Sequence Control. This system automatically changes 0SO from the launch to the

orbit condition by executing certain control functions at prescribed times. The launch-
sequence events are time-referenced to the jettisoning of the fairing and the separation
of 0SO from the launch vehicle.
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Nutation Control System. This system damps nutational motion acquired during launch and

while in orbit.
6.2 PNEUMATIC PITCH-ATTITUDE CONTROL

The pneumatic pitch control is normally used as a backup for the magnetic attitude control
for long-term attitude control. It also serves as the primary control system for '"fast-
reaction'" pitch and roll maneuvers.

The pneumatic pitch control consists of pitch angle sensors located on the front of the

sail, electronic control circuits contained in the power-amplifier box located on the back

of the sail, and a nitrogen-gas pneumatic system located on the back of the sail. Figure 6-1
is a block diagram of the pitch pneumatic control including related commands and telemetered
monitor points.,

The 080-7 pitch pneumatic control is nearly identical to that used on previous 0SO's. The
only differences are replacing the auto pitch limiter (APL) timer with a coincidence circuit;
resizing the pneumatic components to make them compatible with the heavier spacecraft; and
relocating the pitch gas storage bottles (two instead of one) from the wheel hub to the

back of the sail.

6.2.1 Automatic Pitch Control

The pneumatic pitch control, operating in the automatic mode, is controlled by signals from
the pitch-control sensors, shown in Figure 6-2. The vertical fields of view of the sensors
are shown in Figure 6-1, and in Figure 6-3. The azimuth field is about 13 degrees wide.
The sensor block is mounted to the front of the sail at the top, so that it is pointed

at the sun in azimuth by the pointing control.

When the tilt of the spin axis has drifted so that both "up'" eyes are illuminated by the

sun for more than eight seconds, the pitch-up circuits activate the pitch-up solenoid valve.
This releases nitrogen gas from the pitch-up thruster mounted at the top of the sail,

causing the spin axis to precess toward zero pitch angle. Gas flow continues until illumina-
tion is removed from the B-up eye, at about one degree past the zero pitch angle. The B eye
enables the flip-flop circuit, the A eye triggers the gas flow, and removal of illumination
from the B eye ends the gas flow.

The logic for the automatic pitch-down operation is similar to that of the pitch-up, except
that the thruster faces the other side of the sail.

The automatic mode may be selected by ground command. The manual mode may be selected
either by ground command or by operation of the coincidence circuit shown in Figure 6-1.
The coincidence circuit senses the simultaneous activation of the pitch-up and pitch-down
valves and throws the auto-manual relays to the manual state. This feature prevents pitch
gas depletion if the automatic pitch control circuits fail. A status monitor in the sail
analog subcommutator frame is used to telemeter pitch mode to ground-based operators.
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6.2.2 Manual Pitch Control

With manual control selected,

ground stations can command either

pitch-down or pitch-up as required.
Each manual pitch command triggers
a 10-second monostable multivibra-

tor, called a burst generator.
The monostable output signal con-
trols the appropriate pitch valve

through a solenoid driver. The

pitch-correction increment for

each 10-second burst is about 0.65°

when the wheel spin rate is 15 rps.

6.2.3 Operation During

Launch
Figure 6-2 Pitch Control Sensors
During the launch, the pitch con-
trol is in the manual mode. This prevents a pitch correction from occurring while the wheel
is spinning at a low rate, and the subsequent excessive nutation that could be generated.
The automatic mode is selected by ground command after the correct spin rate is verified.
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Figure 6-3 Typical Pitch Control Sensor Response

After being commanded to automatic mode, providing that the 0SO is injected into orbit at
the proper attitude, the pitch control automatically makes any required initial pitch
corrections. The criteria for proper injection attitude are that the sun must lie within
the field of view of the spin-control, pitch-control, and servo azimuth coarse sensors.



6.3 PNEUMATIC ROLL-ATTITUDE CONTROL

Roll control for large maneuvers, or for small rapid angular adjustments, is performed by
using the pitch control gas jets, located on the top of the sail. To do so, the sail is
rotated 90° from the sun, using the gyro. Slow roll rates are generated by magnetic

torquing coils.

Pneumatic roll control is accomplished by ground commands, using aspect data collected on
the ground to determine roll attitude and then commanding the pitch control system to

torque the spacecraft to the desired attitude.
6.4 PNEUMATIC SPIN-RATE CONTROL

The pneumatic spin control, like the pneumatic pitch control, may be operated in either
the automatic or manual (command) modes. The manual mode is normally considered as a

backup for the automatic system. It may also be used, however, to adjust the spin rate
to a specific value between the automatic-control limits. A block diagram of the spin

control system is shown in Figure 6-4.

The 0SO-7 pneumatic spin control is similar to that of earlier 0SO's. The primary
differences are increased spin torques, compatible with the increased size and spin
moment of inertia; replacing the three spin gas bottles previously located on the tips
of the arms with one bottle located in the hub; and the added input from the launch-

sequence control circuits' for initial spin-up during launch.

6.4.1 Automatic Spin Control

The automatic-spin circuits measure the period of revolution of the wheel. When this

period increases (wheel slows) to the spin-up threshold (0.448 rps), a four-second burst

is discharged from the spinup nozzles, increasing spin rate by about 0.0075 rps. Similarly,
if the spin period decreases (wheel speeds up) to the spin-down threshold (0.662 rps), a
four-second burst is discharged from the spin-down nozzles, decreasing spin rate by a

similar increment.

Spin Sensors and Amplifiers. The auto-spin control mode uses two identical and redundant

solar sensors (Spin Eyes 1 and 2), mounted on the perimeter of the spacecraft wheel. As
these sensors sweep past the sun, each produces 20-millisecond current pulses of approxi-
mately square waveform. The two pulses are fed to two voltage amplifiers and the outputs

of the amplifiers are mixed on the way to a level detector.

Level Detector. The level detector has two modes of operation, high level (low sensitivity),

and low level (high sensitivity). The high-level mode is used during orbit dawn when the
spin eyes first see the sun, and the light intensity varies. When the instantaneous output
level of the spin eyes is sufficient to overcome the high-level detecting threshold, spin
pulses pass through the pulse shaper circuit to the day-night turn-on circuits. These
circuits then cause day power to be applied to the spacecraft, The day-power relay applies
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the output of the spin box 15-volt regulator to the level-detector bias network, causing
the detector to operate in its low-level mode. This action effectively '"latches" the
detector on, once its high-detecting threshold is overcome. Variations in light intensity
are thereby prevented from causing intermittent application (chattering) of day power.

Pulse Shaper. As mentioned above, the output of the level detector is fed to a pulse
shaper circuit. Here the pulses are given a constant width, squared, and inverted twice.
After the first inversion, the positive-going trailing edge (originally negative going)

is used to turn on day power. It is also used to synchronize a free-running oscillator.
After the second inversion, the positive spin pulses are fed through an inhibiting network
to the constant-charge generator in the over-spin loop. Thus, the free-running oscillator
is synchronized by the trailing edge of the spin pulses and when not inhibited, the
constant-charge generator is triggered by the leading edge of the spin pulse.

Free-Running Oscillator. The free-running oscillator has a natural frequency of about
0.345 rps, much slower than the normal wheel spin rate. The trailing edge of the spin
pulse is used to synchronize therscillator, raising its frequency to match the spin rate.
The oscillator output is fed to the day-power turn-on circuits, and to a bootstrap ramp

generator.

Bootstrap Ramp Generator. The ramp generator develops a sawtooth voltage waveform that
increases linearly with time. The period of this sawtooth (or ramp) is identical to the
spin period of the wheel since the ramp generator is controlled by the oscillator, which

in turn is synchronized by the trailing edge of the spin pulses. The peak voltage reached
by the ramp is thus directly proportional to the spin period: the slower the spin rate,
the higher this peak voltage. The ramp voltage is fed to an overspin detector and an

underspin detector.

Overspin Detector. When the spin rate is below the spin-down threshold, the overspin

detector operates as an overvoltage detector. When the ramp generator output climbs above
the overvoltage threshold before being reset by the trailing edge of the spin pulse, the
detector pulses a storage capacitor, thus creating a bias voltage which inhibits the
action of the constant-charge generator. When the spin period is less than 1.52 seconds
(0.66 rps), no overvoltage pulses are generated, and the constant-charge generator is not

inhibited.

Overspin Constant-Charge Generator. When the inhibiting voltage from the overspin detector
is not present (overspin condition) the constant-charge generator amplifies the spin pulses
to a fixed voltage. These amplified pulses then contain a fixed amount of energy which is

supplied to the integrator network.

When the spin rate is normal (below the spin-down threshold), the spin pulses are inhibited
by the bias developed in the overspin detector.

The timing relationships between the spin pulses, ramp, overvoltage pulses, and constant-
charge generator outputs are shown in Figure 6-5 for both the normal and overspin conditions.
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Figure 6-5 Spin-Down-Loop Timing Diagram

Integrator, Spin-Down Burst Generator, and Solenoid Driver. The output pulses from the

constant-charge generator are fed to an integrator circuit where they are stored in a
capacitor. Three consecutive constant-charge pulses will cause the storage voltage to be
high enough to trigger a unijunction switch. The output pulse from the unijunction switch
then triggers the spindown burst generator.

The burst generator is a monostable multivibrator. Each time it is triggered, it generates
a four-second pulse, activating a solenoid-driver circuit which provides a ground path for
the spin-down solenoid. A four-second burst of gas is then released from the spin-down
nozzles.

Underspin Loop. The bootstrap ramp generator output is fed to the underspin detector,

which operates as an overvoltage detector. As the spin rate decreases, the peak voltage
reached by the ramp increases, ultimately reaching the triggering threshold of the
detector. The threshold corresponds to a spin rate of about 0.45 rps.

The output of the underspin detector triggers a constant-charge generator. This generator
differs from the one in the overspin loop in that it is a monostable multivibrator, whereas
the underspin constant-charge generator is simply an amplifier. The width of the constant-
charge pulses is set by the characteristics of the multivibrator.
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As in the overspin loop, the output of the constant-charge generator is stored by a
capacitor in the integrator circuit. When three consecutive pulses are so stored, the
integrator voltage triggers the spin-up burst generator, which provides a four-second

pulse to the spin-up solenoid driver. The driver then provides a four-second ground
closure for the spin-up solenoid, which releases a burst of gas through the spin-up nozzles.

The signal-timing relationships of the underspin-loop circuits are shown in Figure 6-6.

v
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Figure 6-6 Spin-Up Loop Timing Diagram

6.4.2 Manual Spin Control

Manual spin control serves as a backup for the automatic control system. In the manual
mode, the spin rate can be corrected by ground-control commands.

The manual-spin mode is automatically selected when the automatic-spin limiter (ASL)
circuits detect spin rates outside the range of 0.39 to 0.70 rps. When either limit is
reached, a failure in the automatic-spin circuits is indicated so they are disabled by
the ASL. Manual control can also be selected by ground-station command. The manual-mode
circuits are shown at the bottom of Figure 6-4.
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ASL Operation. Detection of the ASL overspin and underspin rates is similar to that in
the automatic spin control. Spin Eye 3 provides a spin pulse once each wheel revolution.
The pulse-amplifier output is fed through a pulse shaper to a ramp generator whose output
rises linearly with time. The ramp reaches a peak level which is a measure of the spin
period, and is reset by the trailing edge of the spin pulse. Overspin and underspin
detectors are then used to sense spin rates outside the acceptable range.

The overspin detector is very similar to the one used in the automatic spindown circuits.
When the spin rate exceeds 0.70 rps, the detector's output falls toward zero, thus removing
the inhibiting bias from the gating amplifier. The next spin pulse after this pulses the
driver/lockout circuit, latching the auto-manual relay to the manual position.

The underspin detector responds to the high ramp voltages occurring with wheel spin rates
of 0.39 rps or less. It then puts out a pulse which also switches the system to the manual
mode. This action is gated by the spin pulse itself, to prevent such switching between the
final spin pulse of an orbit day and the removal of day power from the ASL circuits.

Command Operation. When the manual control mode is selected, ground station commands may

be sent to initiate four-second spinup or spin-down bursts. Repeater relays drive their
respective burst generators and solenoid drivers when commanded. The required command
functions for selecting the manual or automatic modes are also shown in Figure 6-4. Also
shown are the commands for ASL enabling and disabling and the various telemetry monitor
channels related to the spin-control circuits.

The spin-gas supply for 0SO-7 was calculated to be sufficient for about 1.4 years of orbital
operations under the worst-case conditions of leakage, aerodynamic drag, eddy-current drag,
magnetic effects, and roll-coil interaction. A more realistic estimate of these factors
leads us to conclude that the gas supply is adequate for several years.

6.4.3 Day Power Turn-On

The spin pulses are also used to turn day power on and off at sunrise and sunset. For this
reason, operation of the day-night switching circuits is discussed here rather than with the
power and distribution systems in Section 7. A block diagram of the circuits is shown in
Figure 6-7, along with the signal timing relationships used for day-night sensing.

In the night condition, there are no spin pulses to synchronize the free-running oscillator
or to inhibit its output. The first oscillator pulse after darkness occurs switches the
day-night flip-flop to its '"night" state. This removes power from the night relay coil,
thus conserving battery power. The free-running period of the oscillator is about three
seconds, the interval necessary to turn off day power after the last spin pulse.

During orbit day, the spin pulses synchronize the oscillator with the wheel spin rate.
Spin pulses also trigger the monostable multivibrator which generates pulses used to set
the flip-flop to the day state and inhibit the oscillator from resetting the flip-flop.
Power is then removed from the day coil to conserve power,
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During ground-test operations, day power can be turned on by closing the day-night eye
override relay. This raises the free-running rate of the oscillator to the nominal spin
rate and applies its output to the monostable circuit. The other circuits then act as
though spin pulses were present. The day-night eye override circuit is also used during
the launch sequence. The override is used only during ground testing and the launch
sequence, because the relay cannot be operated by command control. Another relay, however,
can be used to bypass the day-night relay in flight, by ground-station command.

6.4.4 Analog Spin-Rate Monitor

The analog spin-rate monitor, shown as part of Figure 6-4, is read out through the Wheel
Analog Subcommutator (WASC). It consists of a binary counter and a summing network. The
binary counter is stepped by spin-eye pulses, and thus steps one count for each revolution
of the wheel in sunlight. Spin Eyes 1 and 2 are used when the spin control is in the
automatic mode, and Spin Eye 3 is used in the manual mode.

The five multivibrator stages of the binary counter feed currents to the summing network,
producing analog voltage steps roughly proportional to the binary count. Samples of this
voltage are identified with particular steps using the subcommutator data-conversion tables.
There are 32 such steps in a counting cycle, and 32 discrete levels of analog output
associated with the steps. The counter recycles to 1 after each 32 revolutions of the wheel.

Successive samples of the monitor are separated in time by the ASC frame period (15.36
seconds). Spin rate is calculated from the number of steps taken by the counter over a
sample period, some whole-number multiple of 15.36 seconds. Dividing the sample period
by this number of steps yields the spin period. Accuracy is increased by increasing
the sample period.

6.5 MAGNETIC ROLL, PITCH AND SPIN CONTROL

Occasionally, the attitude or the spin rate of 0SO must be changed quickly. The pneumatic
controls, discussed earlier, provide the torques for such changes. Normally, however, only
slow changes are needed, so that smaller torques are adequate. Such torques can be produced
by magnetic dipoles reacting with the earth's magnetic field. Using magnetic dipoles for
long-term attitude and spin control conserves the pneumatic control gas supply.

A dipole along the spin axis such as that produced by the pitch coil produces torque about
the roll axis, causing precession about the pitch axis. It also produces torqué about the
pitch axis, which causes motion about the roll axis. Figure 6-8 shows the switching arrange-
ment and Table 6-1 lists the dipole strengths for various command settings.

The roll coils, mounted in the sail, create a dipole along the roll axis. They produce
torques about the pitch axis, causing precession about the roll axis and torques about
the spin axis that tend to alter the spacecraft spin rate. The roll coils are powered
only during orbit day, when the sail is pointed at the sun. Their orientation is such
that their dipoles lie along the spacecraft roll axis, within 4 degrees of the sun line.
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Pitch and Roll Coils Functional Diagram
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Table 6-1
MAGNETIC ATTITUDE CONTROL DIPOLES

PITCH COIL STATE NOMINAL DIPOLE
On-Full-Positive +6000
On-Half-Positive +2250

0ff (No Residual) 0
On-Half-Negative -2250
On-Full-Negative -6000

Roll Coils 1 and 2 Roll Coils 3 and 4 Total Dipole

On/+5000 On/+5000 +10000
On/+5000 Off/+600 +5600
Off/+600 On/+5000 +5600
0Off/-600 On/+5000 +4400
On/+5000 0ff/-600 +4400
Of£/+600 Off/+600 +1200
Off/+600 0ff/-600 0
0ff/-600 0ff/+600 0
0ff/-600 0ff/-600 ~-1200
Off/+600 On/-5000 -4400
On/-5000 0ff/+600 -4400
On/-5000 0ff/-600 -5600
Off/-600 On/-5000 -5600
On/-5000 On/-5000 -10000

All dipole levels are given in gauss-cm3

Figure 6-8 shows how 0SO's roll coils are controlled to provide nine different dipoles as
listed in Table 6-1. Note that the residual dipoles in the roll coils' iron cores are
300 gauss—cm3 per coil, whereas the pitch coil has no ferromagnetic core.

Thus, dipoles along only two axes can produce control torques about all three axes. With
selective programming of these dipoles in orbit, they usually can produce desired torques
without excessive torque in an undesirable direction. By using the orbit-average fields and
switching coil states every few days as required, gas need be used only for fast maneuvers.

6.6 POINTING CONTROL

The pointing control provides automatic solar acquisition each orbit morning, points the
sail and the pointed-instrument assembly (PIA) at the sun during orbit day, and can point
the sail and PIA at desired targets in azimuth during orbit night.

The pointing control uses four servo loops: azimuth-coarse, azimuth-fine; elevation-fine;
and azimuth-gyro. These servo loops consist of control eyes mounted on the sail and the
PIA, electronic circuits contained in the servo amplifier and power amplifier assemblies on
the back of the sail, azimuth and elevation torque motors, and an azimuth reference gyro.
Figure 6-9 illustrates the functional interfacing of the four servo loops.

6-14
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Figure 6-9 Servo Loops Functional Interfacing

Improvements Over Past 0S0's. The control concept is basically the same as that used on
0S0-6. The major improvements are: an azimuth night-pointing mode has been added; larger
pointed instruments can be handled (up to 20 slug—ftz), and, because of this improvement,
larger azimuth and elevation motors are used; the elevation motor is brushless, giving an
increase in reliability; the raster 'reset" motion is now exponential, providing a reset

which produces little nutation; and coarse azimuth acquisition is improved.

Modes of Operation. The pointing control has six operating modes: coarse-acquisition; sun-

centered-point; large-raster; offset-point; small-raster; and night-pointing. The mode of

operation is selected by ground command and verified by telemetry.

In the sun-centered-point mode, the optical axis of the PIA points at the center of the sun.
In the large-raster mode, the PIA scans the sun with either a 64-line or a 128-line raster
pattern centered on the sun. The 128-line pattern consists of two interlaced and alternating
64-line patterns., The size of the large raster is 60 x 60 arc-minutes. In the offset-point
mode, the PIA can be pointed at any one of 16,384 points (128 x 128 grid) within the large-
raster pattern. In the small-raster mode, the PIA can trace a 5 x 5 arc-minute raster
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pattern about any of these offset points. The number of lines in the small raster is 16.
In the night-point mode, the PIA can be held stationary in azimuth or allowed to slew in
azimuth at 0.33 degree per second.

Coarse Acquisition. Solar acquisition is initiated each orbit morning by the day turn-on

sensors (spin eyes) located on the rim of the wheel. These eyes detect the sun as it rises
above the horizon and activate the pointing control circuits. The azimuth-coarse eyes then
produce drive signals for the azimuth-coarse servo, and the sail is brought to within #3
degrees of stationary azimuth pointing. At this time, the target eye sees the sun and
after a delay of about 8 seconds a coarse/fine control relay transfers control to the
azimuth-fine servo. The azimuth-fine and elevation-fine circuits then complete the
acquisition, and provide accurate pointing of the PIA in the selected mode.

Control Sensors. The coarse-sensor assemblies (''coarse eyes') are mounted on the top of the

sail, one on the right and the other on the left. Each assembly contains two coarse eyes.
Together, the four eyes provide full 360-degree coverage in azimuth, and *15 degrees in
elevation. The four sensor ocutputs are combined and the composite signal is used to
control the azimuth servo during acquisition.

The target sensor (''target eye'"), on the front of the PIA, senses when the sun is within
the field of view of the fine-control eyes. The target eye is the same as used on previous
0S0's, and has a field of view of #3 degrees in azimuth and :6 degrees in elevation.

The fine-control sensors ('"fine eyes'") are mounted on the front of the right-hand pointed
instrument. The long-term absolute accuracy of these sensors is better than 30 arc-seconds
while the short-term null drift is #2 arc-seconds for 5 minutes and *4 arc-seconds for one
complete orbit. These sensors achieve a long-term fine-pointing accuracy of *10 arc-seconds.

Short-term stability is %3 arc-seconds, including jitter and drift.

Sun-Centered Pointing. In the sun-centered-pointing mode, the fine eye outputs are at null

when the PIA is pointed at the center of the sun. The outputs of the fine eyes are processed
through dc amplifiers, pulse width modulators (PWM), and power switches to produce drive
signals to the elevation and azimuth torque motors. Since the servo drives directly to the
sensor null in this mode, rather than to the null of some composite signal, changes in gain,
temperature, or other circuit parameters have little effect on pointing accuracy. Hence,
this is the most accurate of the 0SO pointing modes.

The sun-centered-pointing mode is not considered the primary operating mode of the 0S0-7
servo, even though it is the most accurate and stable. The new generation of pointed
instruments, flown on 0SO-7, are able to view and resolve a field subtending an angle of

a few arc-seconds. These new instruments do not view the entire sun in one glance. Thus,
the raster and offset-point modes are more useful, since they provide the means for seeking
and selectively viewing interesting areas of the sun's surface.
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Offset Point and Raster. The offset mode circuits provide azimuth and elevation bias

signals to the servo loops for constructing the large and small rasters, and for pointing
the PIA at selected coordinates on the offset-point grid. Offset pointing and rastering
is accomplished by summing these bias signals with the respective feedback signals from
the elevation and azimuth fine-control eyes. The effect of the bias signals is to shift
the null position of the control eyes, thus causing the servo to drive the PIA to the

desired position, or in the desired raster pattern.

Offset pointing is accomplished by sending two 7-bit ''location commands'" to the offset
generator. These two commands (one for elevation and one for azimuth) are binary words
representing the desired point on the 128 x 128 offset-point grid. The commands are
decoded by a digital-to-analog converter. The resulting analog signals are summed with
the outputs of the fine control eyes and cause the PIA to point at the desired location.

Rastering is accomplished by generating separate raster control signals for elevation and
azimuth. The elevation raster signal is a "staircase'" waveform that is reset at the end
of each raster frame. This waveform controls the elevation position of each line in the
raster pattern. The azimuth signal is a "sawtooth" waveform which controls how fast the
PIA moves in azimuth and the .angle at which the scanning direction reverses. As with
offset pointing, both the elevation and azimuth raster signals are summed with the outputs

of the fine control eyes to produce the raster pattern.

Night Pointing. During orbit night, the gyro may be used as a reference to keep the sail

and PIA pointed (in azimuth) in the direction of the sun. The sail can also be offset from

this position in increments of 0.05 degree. In addition, it can be slewed at a constant
rate of 0.33 degree per second. The 0.05-degree steps are obtained by torquing the gyro
in 150 millisecond steps using an on-board pulse generator. A constant rate of rotation
is obtained by applying a constant input to the gyro torque generator. Switchover to
gyro control at day-to-night transition results in a pointing—difection change of less
than 15 arc-seconds. Maximum drift rate of the sail at night is 0.5 degree per hour.

6.6.1 Azimuth-Coarse Servo

Because of their functional similarities, we present a detailed discussion of the azimuth
servo, and only a brief discussion of the elevation servo. Also, because many components
in the azimuth coarse servo are shared with the fine servo, a detailed discussion of one
loop explains a large portion of the other. Figure 6-10 is a block diagram of the entire

pointing control system.

Coarse Sensors. The four azimuth coarse eyes are mounted on pedestals on top of the sail.

Each eye consists of a silicon photoelectric sensor mounted in an aluminum block (Figure 6-11)

and covered by a Corning No. 2600 red glass filter. The eye assembly is then covered by a
0.1-inch quartz cover slip that protects the sensor from radiation damage.
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eye and the output waveform

of each as the sail rotates. The four individual outputs are summed to form the input

signal for the azimuth-coarse preamplifier.

The composite signal from the coarse eyes has two important terms: a position term and a
time-rate-of-change term. The position term is the instantaneous amplitude of the signal.
The rate term reflects the rate at which the position term changes. Each of these terms

plays an important role in the coarse-acquisition function.

The polarity of the position term is such that the positive area of the signal (shown on
Figure 6-12) causes the sail to be driven in the despin direction. This portion of the

signal is produced by the right-front (RF) and right-rear (RR) eyes. The negative area

of the signal causes the sail to be driven in the spinup direction. This portion of the
signal is produced by the left-rear (LR) and left-front (LF) eyes.

The drive produced by signals in the region of the unstable null (() on the curve) are
away from the null, while those near the stable null ((:) on the curve) are toward the null.
This assures that the sail will stop only at the stable null.
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Figure 6-12 Coarse Sensor Signal

The rate term dominates while the sail rotates quickly. A rate network and pulse-inverter

circuit convert most of the negative (spinup) signal into a positive signal.
continues until the spin rate is reduced to about 0.07 rps.

This action

The position term then becomes

dominant and remains so throughout the rest of the acquisition. Thus, the rate term is

dominant at high spin rates and the position term at slow spin rates,

The coarse preamplifier (see Figure 6-10) converts the coarse-eye output (Figure 6-12) from

a current waveform to a voltage waveform. The preamp is a differential, low-drift amplifier

with circuits for automatic compensation of changes in its own gain. It provides a low-

impedance load for the eyes and a low-impedance output to the rate network. The preamp is
designed for unsaturated operation between *1.5 ma of input eye current.
The output of the azimuth coarse preamp is fed into a compensating network and a pulse-
inverter module (PIM) as shown in Figure 6-10.

Rate sensing and the conversion of spinup
signals are accomplished in these circuits.



The compensation network consists of a resistor-capacitor coupling arrangement which pro-

vides dc coupling for low-spin-rate eye signals and predominantly-despin signals for
higher spin rates. This network provides a positive (despin) drive signal when the eye
signal is positive-going and spin rate is greater than about 0.07 rps. Traces A and B of
Figure 6-13 show the relationship between the eye signal and the ideal output of the
compensating network. Notice how this compensation turns the symmetrical waveform into a

predominantly positive signal.
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Figure 6-13 Rate Signal Compensation

Part of the despin signal is lost, however, due to imperfect differentiation of the output.
- The resultant waveform is shown in Figure 6-13, trace C. The negative portion of this
waveform represents spin-up drive and therefore decreases net despin efficiency. The
effect of the negative signal is sﬁbstantially reduced by the addition of the PIM circuit.
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The pulse-inverter module (PIM) tends to superimpose a positive signal on the negative

output of the compensating network. It does this through a time constant which prevents
it from interfering with spin-up drive in the final phase of solar acquisition. The PIM
also peaks up the leading edge of the positive output of the compensation network. Both
of these actions increase net despin drive efficiency, as shown in Figure 6-13, trace D.

When the sail rotation is reduced to about 0.07 rps, the compensation network and PIM
yield to direct dc coupling of the eye signal to the modulator (Figure 6-10). The position
term of the error signal then becomes dominant and controls the final stages of coarse

azimuth acquisition.

The net efficiency of the azimuth coarse servo is expressed in a term known as net despin

drive. It is found by subtracting the percent of time the drive is negative (spin-up) from
the percent of time drive is positive (despin) during a revolution of the sail. Net despin
drive is expressed as a percent and plotted as a function of sail spin rate in Figure 6-14.

The output of the coarse-servo circuits is fed through the on-target relay to the circuits

which are common to the azimuth servo in both the coarse-acquisition and fine-pointing modes.

The modulator is a dc-to-ac chopper, which samples the differential output of the coarse
preamplifier and rate network at about a 1 kHz rate. The output of the modulator is a
square wave with a peak-to-peak amplitude equal to the differential input signal. This
output is fed to the azimuth ac amplifier.

The ac amplifier saturates with an input corresponding to coarse-eye currents of about *0.1 ma.

Thus, during acquisition, this amplifier is saturated most of the time, providing a clipped
output. This output goes to the demodulator.

The demodulator is driven by the same oscillator that drives the modulator. It converts
the output of the ac amplifier to a dc signal. The output of the demodulator is an ampli-
fied and clipbed reconstruction of the error signal, referenced to a 7.5 v bias level, and
has 1 kHz transients in it. The response curve for the coarse-preamp/ac-amplifier combina-
tion is shown in Figure 6-15. The output voltage is clipped on the spin-up side. This
improves coarse azimuth acquisition by minimizing spin-up drive signals.

The output of the demodulator is fed through a filter which removes the 1,000 Hz transients
and any other system noise down to about 50 Hz. This filtered signal then goes to the PWM
circuit.

The pulse-width modulator (PWM) converts the amplitude-modulated error signal into a
constant-amplitude 2500 Hz waveform in which pulse width (or duration) is proportional to
the amplitude of the dc error signal. The principal reason for using a PWM design is to
reduce power dissipation in the power switch.



7

F72-01

1004
AT THIS POINT THE ERROR SIGNAL FROM
THE RATE NETWORK 1S 81 % DESPIN
90+ AND 19 % SPINUP.
80+
2
= 10+
(&)
=
_u_._l .
© 60+ I
[V
[V
ul
w 50 |
-3 NOTE: SAIL ROTATION RATE IS WITH
= 404 ' RESPECT TO THE SUN AND
& LOOKING DOWN AT THE TOP
g, OF 050,
230
[¥F]
= .
20+
SAIL ROTATION SAIL ROTATION
CLOCKWISE(RPS) 10+ COUNTER CLOCKWISE (RPS)
| 1 | N | P N 1 | L | : | | 1 | I ! 2 '
LA LA LU L I LN UL DL A L L
04 03 02 0l 00 02 03 04 05 06 07
32
>
[&]
=
w
1=
.
(V'
w
Q.
=
=
a.
[72]
—
w
=

- Figure 6-14

Net Despin Drive Efficiency

6-23




+ 100 1 —-—— SATURATION

6=0.075voLT/pa

o
1
\ 7.5 VOLT BIAS

+504
]

3

=

>

a.

=z

w DIODE

w =50+ cLiepING

w

(72}

=

S _iw0d SATURATION (0.1ma)

SPINUP ~e—7p——= DESPIN

—200bqmq oy ¢
0 2 3 4
AC

- [ J I I [ |
1 1 ¥ 1

: 1 T ] : ; v
5 6 7 8 9 10 11 12 13 14 15
AMPLIFIER OUTPUT(VOLTS)

Figure 6-15 Coarse-Azimuth Preamp/AC Amplifier Response

The PWM is designed to produce an output only when the input varies above or below the
7.5 v bias level. This variation is typically between about +7 and +13 v as the sail
rotates. The PWM has a dead zone (no output) at about 7.5 * 0.25 v. The dead zone has
no effect on the operation of the azimuth loop since the wheel always spins in the same
direction, holding azimuth-loop operation on one side of the dead zone except during
acquisition. The PWM dead zone is shown in Figure 6-16.

The PWM actually consists of two separate modulators that work together. One converts
despin signals (>7.5 v) into pulse-width waveform and the other converts spin-up signals
(<7.5 v). Outputs of both PWM circuits are positive. Each output is fed to one side of
the power switch for power amplification.

The power switeh consists of two pairs of saturable-transistor switches. One pair of
transistors is controlled by the despin PWM and drives the azimuth torque motor in the
despin direction. The other pair is controlled by the spinup PWM and drives the motor
in the spinup direction. The outputs from the power switch are filtered before being
applied to the torque motor to reduce power losses in the motor windings. The drive
current is averaged by the filter. Operation of the power switches in the region of
saturation and cut-off avoids the heat dissipation and power waste inherent in other
areas of the transistor load line. Figure 6-16 shows a typical overall response of the
PWM and power-switch circuits to inputs from the demodulator.
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The azimuth torque motor is a frameless dc permanent-magnet-type motor unit. The windings
and commutator bars are on the outer member, which is fixed to the wheel (rotating section)
of the spacecraft inside the azimuth despin assembly (ADA) in the upper end of the wheel
hub assembly. The permanent magnets and brush ring are on the inner member, which is

fixed to the azimuth shaft. The motor has a nominal torque sensitivity of 0.785 pound-feet/

ampere and develops back emf at about 1.06 volts/radian/second. The dc resistance is about
7.7 ohms.
Total acquisition Time. The total acquisition time, between 75 and 100 seconds, is dependent

on many factors:

] Motor torque constant

. Back-emf function

) Bearing friction

. Armature resistance

. Saturation drive voltage

. Sail moment of inertia

. Sail initial spin rate

° Net despin drive efficiency

] The uncertainty in the direction of approach of the sail to its

final pointing position.

6.6.2 Target Eye and Coarse/Fine Switch

The target eye and coarse/fine switch are the link between the azimuth coarse and fine
servo loops. When the coarse loop has brought the pointed instruments within 3 degrees

of the solar direction, the target-eye senses the sun. After about an eight-second delay,
coarse/fine switching occurs. The input to the azimuth ac amplifier is then developed in
the fine-mode sensors and circuits.

The target eye, mounted in the fine-control-eye block, produces about a 2 ma current when
the pointed instruments are aimed within the capability of the coarse pointint control.
The elevation field-of-view of the target eye is about *6 degrees, making operation of

the elevation servo unnecessary for coarse/fine switching. The field of view of the
azimuth fine-control eyes is greater than 12 degrees, providing the necessary overlap for
smooth coarse/fine transition. The output of the target eye is fed through the target-eye

amplifier to the coarse/fine relay driver and a telemetered target-intensity monitor.
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The azimuth coarse/fine switch is called the "on-target relay'. After the target-eye has
been illuminated for the 8-second delay period, the on-target switch is released to the
"fine" position. The switch is a momentary-operation relay and is energized in the coarse
mode. The relay also generates an '"on-target' signal which is monitored by telemetry.

The target-intensity monitor is a telemetry sampling of the output of the target-eye
amplifier. The linear characteristic of this amplifier permits in-flight evaluation of

target intensity and sensor degradation.

6.6.3 Fine Azimuth and Elevation Servo Loops

Fine azimuth and elevation servo control begins at the completion of coarse acquisition
(coarse-fine switching). These servo loops function very much like the coarse azimuth
servo loop, with the following exceptions:

. The error signals are produced by the azimuth and elevation fine eyes.
. A different preamplifier is used.
. The rate-sensing and PIM circuits are replaced by compensation networks

designed to adjust servo stability and response characteristics to other
servo parameters such as static gain and structural resonances.

° The elevation torque motor produces slightly less torque than the
azimuth motor.

The fine control eyes for the azimuth and elevation servos consist of pairé of BBRC FE-5
fine sensors. Each FE-5 sensor has a focusing lens, a red-glass filter, and a silicon
solar cell. One half of each red filter disc is masked by a thin aluminum film. The
output of each cell is a function of the direction it is pointing, as shown in Figure 6-17.

The electrical leads fromveach sensor are connected in opposing polarity to the other half
of the sensor pair. The sensors of each pair point slightly away from each other so that,
on point, each sensor produces about ten percent of its maximum output. The two opposing

currents produce a stable null in the on-point direction. :

An azimuth or elevation error signal results when the sensor assembly is rotated from the
on-point position. Figure 6-17 shows the output curve for a typical fine-eye pair. It
also shows the front view of the eyeblock (including the target eye), the aluminum shield
orientation, and the behavior of individual eye outputs near the null region.

The fine azimuth and elevation servo loops seek a precise null position, and maintain
pointing accuracy. As can be seen in Figure 6-10, the fine-servo loops differ from the
azimuth coarse loop primarily in the development of the sensor signals. The fine azimuth
and elevation preamplifiers convert the current signal from the eyes to a voltage signal
for the ac amplifiers. 1In the region of the null, the eye/preamp gain is very stable.
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After the preamp stage, the circuits of the azimuth fine control loop are common to the
coarse loop. The elevation loop has its own modulator, ac amplifier, demodulator, PWM,
power switch, and torque motor, similar to those for the azimuth loop. The basc frecquency
of the elevation PWM is 500 Hz below that of the azimuth, to prevent (requency beating of
the two signals. The overall loop gain of the azimuth-fine servo is about 31 inch-pounds

per arc-minute. The gain of the elevation servo is about 28 inch-pounds per arc-minute.

Sensor Accuracy. By careful control of the alignment procecdure, initial null offscts dre

held to less than five arc-seconds. Null shifts during environmental testing arc below

ten arc-seconds and the initial null offset at launch is less than fifteen arc-seconds.

Tests on the fine sensor assembly in a thermally changing atmosphere indicate that the

null drift coefficient is less than +0.5 arc seconds per °C. Since the expected tempcrature

change over one orbit is expected to be about 4°C maximum, this results in a *2 arc-second
null shift. Over five minutes, the shift is much less than this. The sensors are

linear to better than #0.4 arc-minute over a *30 arc-minute linear angle. Their output
can be predicted to an accuracy of better than *2 percent (that is, #0.6 arc-minutc on

the raster size).

Gain change with temperature is due to the cell's output changing with temperature.

Since the output (near null) of the fine sensor is strictly a function of one cell alone,
any change in cell output has a direct effect on gain even if the cells in a pair are
precisely matched. When the cells are used in the short-circuit current mode, (as they
are on 0SO) the main cause of gain change is a shift in the spectral response curve of
the cell with temperature.

When the cells are used with a red filter, they have a gain coefficient of #0.2 percent
per °C. This results in a change of #0.8 percent over the 4-degree orbital temperature
range. This is equivalent to a pointing shift of 7.6 arc-seconds at the maximum offset

point.
Azimuth Servo Errors. There are two major sources of fine azimuth pointing errors (other
than the sensor): azimuth shaft friction, and back emf of the azimuth torque motor. They

can cause a total error or "hang off'" of 0.18 arc-minute.

Elevation Servo Errors. Pointing errors in the fine elevation servo loop can be caused

by elevation motor shaft friction, and electronic and mechanical alignment drift. The
spin-rate/back-emf changes that can cause pointing errors in azimuth servo do not apply

to the elevation servo. The friction errors are related to wobble or nutation of the

spin axis. These motions tend to drive the elevation gimbal above and below its

average pointing position and the pointing error appears as an approximate squarewave.
This pointing anomaly, called '"jitter'", is of most concern and it is desirable to minimize
it. If nutation causes the jitter, the frequency is about 0.525 Hz for a wheel spin rate
of 0.5 rps. When wobble causes the jitter, the jitter frequency is identical to the wheel

spin rate.
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Jitter has been minimized by minimizing the friction and by using a bias torque offsetting
the elevation position slightly. This bias torque moves the operating point out of the
dead zone region, preventing motion through the dead zone. The clevation position is

offset to one side of the dead zone by light spring tension against the pointed instruments.

The cumulative total of the sources of pointing error is such that steudy-state azimuth

and elevation pointing error is well within *1 arc-minute.

Elevation Motor. The elevation motor is quite different from the azimuth motor. The

limited angular traverse of the PIA (about :5 degrees) allows the usc of a motor having
limited rotation capability.

The motor is a frameless, limited-rotation, brushless, permanent-magnet type manufactured
by Aeroflex Laboratories, Inc. The windings, on the outer member or stator, are fixed to
the sail trunnion. The inner member, or rotor, holds the permanent magnets and is fixed
to the elevation frame of the PIA. The travel of the motor is greater than *7 degrees.
Torque constant is about 0.7 inch-pounds per ampere, and winding resistance is nominally
9 ohms. Torque constant is uniform to within 5 percent of its center-position value over
the full range of .rotation.

Pointing Position Monitors. A sensor block, containing two fine-eye pairs similar to the

fine-control eyes, is mounted to the front of the right-hand pointed instrument, next to

the fine-control eyes. The signals from these fine-eye pairs are used to develop telemetered
azimuth and elevation position monitor information. Eye and preamp gains are such as to
provide an accurate readout of position in a range just over #2 arc minutes in both azimuth
and elevation. These fine-point-position data appear on Words 1 (E1) and 2 (Az) of the

sail analog subframe.

A similar sensor block, adjusted to telemeter the range of azimuth and elevation positions
generated in the offset-point modes, is mounted to the front of the left-hand pointed
instrument. Comparison of data from these two sensor blocks provides a means of evaluating
misalignment between the two pointed instruments. Such misalignment may result from vibration
during the launch, or thermal warpage in orbit.

6.6.4 Offset Pointing and Raster

The offset pointing and raster operating modes permit on-board pointed instruments to locate
and examine relatively small areas of the sun's surface, by aiming the pointed instrument
assembly. The modes and offset positions are selected by ground command and monitored by
telemetry. Either a large-raster, small raster, or offset point mode may be selected.

Large-Raster Mode. In the large-raster mode, the PIA scans the area of and around the

sun in a square, 64-line raster pattern. Each line takes 24 telemetry minor frames, or
0.32 sec/MF x 24 MF = 7.68 seconds. The period for a complete large-raster pattern is

7.68 sec/line x 64 lines = 491.52 seconds or about 8.2 minutes. The nominal size of the
large raster is 60 by 60 arc minutes, meaning that line separation, ideally, is 0.937 arc
minutes. The size of the large raster is affected by changes in solar intensity due to the
elliptic orbit of the earth. This variation is about 6 percent over a period of one year.
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Figure 6-18 illustrates the 0SO-7 raster patterns together with the offset-point grid
coordinates. Point A represents the on-point position (center of the sun). The large

raster centers about this point.

When the large raster mode is selected, a start-of-raster (SOR) pulse is generated by the
raster-synchronizing generator, causing the raster generator to begin the large raster at
the center of line 1. Thereafter, a SOR pulse is generated each time a new raster pattern
begins (each 8.2 min). Also, a start-of-line (SOL) pulse is generated each time a new line
begins (every 7.68 sec). The SOR and SOL pulses are available for indexing functions in

the scientific-instrument payload.

Small-Raster Mode. Point B of Figure 6-18 illustrates the small-raster mode. The size of
this 16-1line raster is 5 by 5 arc minutes. Ideally, line separation is 0.313 arc minutes.
Each line takes 3.84 seconds, making the raster frame period 61.44 seconds. The small
raster is always centered about .whatever offset-point coordinate is programmed into the

offset-point generator.

Offset Point Mode. By means of the offset-point mode, the PIA can be pointed at any one
of 16,384 points within a square pattern the size of the large raster. In Figure 6-18,
the numbers 1 fhrough 64 (in both azimuth and elevation) define the offset-pointing grid
(excluding the vernier offset). Any coordinate point on this grid can be selected by

sending the proper combination of offset commands.

In addition, the 64 by 64 offset-point grid can be expanded to 128 by 128 by using the
azimuth and elevation vernier offset commands (Bits 1). The azimuth vernier command moves
the PIA an additional one half step (or 1/2 bit) to the right. The elevation vernier

command moves the instruments 1/2 bit up.

Interlaced-Raster Feature. An optional function in the large-raster mode is the raster
interlace. When this function is commanded on, every other raster is automatically shifted
up by one half of the line separation. This feature is not provided in the small raster.

Offset-Mode Circuits. Figure 6-19 is a block diagram of the offset-mode circuits. The

mode switching logic and timing sequence generator processes the mode commands. These
commands select the proper timing relationships, scaling amplifier settings, and logic to
perform a desired function. Shaping the start-of-line (SOL) pulses and generating the
offset status monitor signals are also functions of these circuits.

An azimuth-scan generator and scaling amplifier generate the azimuth-scan triangular wave-
form. The amplitude of this waveform is adjusted by field-effect-transistor switches and
a scaling amplifier. The elevation staircase waveform is produced by an elevation scan

generator.

Azimuth and elevation current generators then convert the scan voltage waveforms into
differential current waveforms. These are then summed with the fine-sensor error signals
before being fed to the fine-control servos.
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The elevation and azimuth offset-point generators are essentially digital-to-analog con-
verters which generate the discrete voltage levels required to position the pointed
instruments within the offset grid pattern. The generator outputs are summed with the
scan-generator outputs in the scaling amplifiers.

Two precision +15 vdc regulators and a +7.5 vdc reference regulator provide the regulated
voltages for the offset-mode circuits.

Identical elevation and azimuth offset-point monitor circuits convert the offset-point
generator outputs (3.5 to 11.5 vdc) to 0 to 5 vdc for use as telemetry signals to indicate
the commanded offset position.

The raster reset circuit provides an exponential reset of the pointed instruments in the
elevation axis to avoid a mechanical transient which could cause nutation of the satellite.
The entire period of the first line of the new raster is devoted to resetting of the
elevation axis, as shown in Figure 6-18.
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Raster Position Monitors. A sensor block, containing two fine-eye pairs similar to the

fine-control eyes and the pointing position monitors, is mounted to the front of the left-
hand pointed instrument. Eye and preamp gains are adjusted to provide an accurate readout
of azimuth and elevation position over the range provided by the offset modes. The actual
range of the sensors is *35 arc minutes from the sun-centered-point position. The raster
position monitors appear in Words 3, 15, 25, and 39 (E1) and 7, 11, 33, 37, and 41 (Az)

of the sail analog subframe.

Offset Circuit Packaging. The offset-point and scan circuits are packaged on four printed

circuit boards. Three of the boards are in the power amplifier assembly and one is in the
servo amplifier assembly. The board titles and circuit arrangements are as follows:

Power Amplifier Assembly:

. Line Sync Generator - mode switching logic, timing sequence
generator, offset status monitor, and SOR and SOL monostables

. Scan Signal Generator - elevation and azimuth scan signal generators
and scaling amplifiers

. Auto Pitch and Scan Current Generator - azimuth and elevation scan
current generators

Servo Assembly:

. Offset-Point Generator - azimuth and elevation offset-point generators

The offset-point monitors are packaged in a small assembly mounted on the side of the
servo amplifier assembly.

Provisions for many different scan and offset point options have been included in the
design of the circuit boards. These options can usually be realized by the addition or

removal of jumper wires.

6.6.5 Night-Pointing (Gyro) Control

An inertial reference unit was added to 0SO-7 so that the azimuth position of the sail
could be controlled during the night portion of the orbit. This night-pointing mode
provides some of the rotating instruments with an inertial reference-pulse when collecting
their data. When the gyro signal is used to prevent sail rotation at night, a night-time
inertial reference-pulse is generated by the azimuth blipper.

In addition, the gyro provides a second means for controlling sail position. It can be
used to move the sail, during either night or day, to positions other than the solar
orientation, and to hold the sail at such positions. This permits the use of the pneumatic
pitch control to make 'fast reaction'" roll maneuvers, if desired. It also provides a some-
what effective backup pointing control in the event of a failure of the primary solar-
oriented pointing control.



During the day portion of the orbit, the gyro null is driven to the sun's direction, thus
establishing the reference for night-time pointing. This process is referred to as
"electronic caging". At night, when the sun becomes occulted, the gyro is '"uncaged'" and
its output is switched into the pointing control servo in place of the signal from the
solar sensors. This switching takes place at the input to the pulse-width modulator (PWM).

Gyro caging is actuated by a level detector which senses the output of the target intensity
monitor. The gyro is caged when the intensity is greater than 85 percent of mean solar
intensity, and is uncaged at other times. Switching in and out of the gyro mode is con-

trolled by the presence or absence of day power, or by external command.
6.6.5.1 Night-Pointing Control Hardware

The night-pointing control consists of two separate assemblies: the orbiting inertial
reference unit (OIRU); and an additional circuit package, often called ''gyro electronics'.

OIRU. The OIRU is manufactured by the Bendix Navigation and Control Corporation. It
contains the rate-integrating gyro and nine boards of electronic components, all packaged
in a single assembly. Figure 6-20 is a cut-away drawing of the assembly. The OIRU weighs
about 7 pounds. It uses about 14 watts of power from the 19-volt supply, not including
the heater which uses a maximum of 5 watts.

The gyro used for the OIRU is a model 25IRIG and is identical to those produced by Bendix
for the Poseidon missile program. It has the following performance characteristics:

. An angular momentum of 430,000 gram-centimeters2 per second

° A damping constant at 135°F of 1.14 x 106 dyne-centimeters per
radian per second

. A float inertia of 720.1 gram—centimeters2
. A signal generator scale factor of 31.7 volts per radian
. An elastic restraint constant of 0.1 dyne-centimeters per milliradian.

When this gyro is combined with the electronic control circuits to make up the total OIRU

the overall performance specifications are:

. Gyro drift rate less than 0.1° per hour at null and 0.35° per hour
at a 50-millivolt (1.5 arc-minute) offset.

. An output signal of 2 volts per degree (210%)
. Input power 13.4 watts (non-slewing) and 14.7 watts (at maximum slew rate)
° Input angle *1.5°



F72-01

~MATES WiITH OEUTSCH
RTrOG /9 -4905

SIMAX - o e -- —-- - - 6.78 - - —f= --- 328———- o
MAX MAx
<. 255 mAx

45304 | |t *:i;} - ] x
MAX — _‘, dx
H : T
" : R
SRA E qx ¢
—- 3 —H— - — ™"
acomit” | 1O ‘ w
T 199 o | ]
Gl T R T 2 '
4938 L -
‘ MTG DIA IO mMAY
CENTER OF GRAVIT.
639 1AAx

4 MTG SLOTS
+.005
’IEO:OO A WIDE

Figure 6-20 OIRU Configuration and Dimensions

) Torque rates: High rate = 21/3 of a degree per second; Low rate

= 0.1° per hour per increment

The functions of the electronic circuits in the OIRU are:

[ Generation of ac and dc voltages required for operation of the gyro
and its circuits

° Sensing of gyro temperature and control the heater to maintain the
gyro at a specific temperature

° Conversion of the ac gyro output to a dc error signal

° Generation of the proper ac torquing signals for input into the
gyro torquer

. Providing the amplifiers and switches necessary to cage the gyro upon
command
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. In-orbit compensation of the gyro drift by conversion of commanded
low-torque-rate bits into analog signals for input into the gyro

torquer

External Circuits Package. The external circuits package contains the additional circuits

required for control of the night-pointing control. This package consists of threc printed
wiring boards inside an aluminum box (not illustrated). The circuits in this box arc:
° The error-signal amplifier and compensation network that form the

link between the OIRU output and the pulse-width modulator (PWM)

) The 15-volt and 7.5-volt regulators that supply power to the gyro

control circuits

. A level detector and switching logic that actuate the caging function
. A relay register that stores the in-orbit-compensation digital word
e . The relays that store the gyro operational and torquing modes and

perform the required switching.

The external circuits package weighs about 1.6 pounds and draws about 30 milliamperes from
the 19-volt supply.

6.6.6.2 Gyro Operating Modes

Normal Mode. In this mode the gyro is caged during the day. This caging is actuated when
the output from the target eye intensity monitor indicates that the solar intensity is above
85 percent of the mean. If the spacecraft is in the sun-centered point mode, the gyro
stores this reference .position. If the sail is either in the scan or offset-point mode,

a compensating signal may be fed into the gyro caging loop. This compensating signal

shifts the null in the opposite direction to compensate for the offset position of the

sail, so that the gyro reference position remains solar oriented regardless of the daytime

pointing-control mode.

As 0SO approaches dusk, solar intensity falls off. When it reaches about 85 percent
{(which amounts to a pointing error of about 6 arc minutes due to solar refraction) the
gyro is uncaged. From this time on, if the sail moves due to the refraction of the sun's
rays through the earth's atmosphere, the gyro will hold the '"true" solar orientation.

When the sun intensity has fallen sufficiently to cause switching to the night mode, day
power goes off and azimuth control of the sail switches to the gyro output. The gyro
remains in control throughout the night, holding the sail stable except for the slight
gyro drift. At dawn, when the day power comes back on, the gyro is removed from control
of the sail. When target intensity reaches 85 percent again, the gyro is recaged for a

repeat of the cycle.

The gyro pointing control may have a maximum pointing error of 24 arc minutes over a

single orbit.
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Gyro Backup Mode. The gyro pointing control can be put in a backup mode by ground command.

In this mode, the gyro is uncaged, regardless of sun intensity, and always controls the
azimuth position of the sail. The position of the sail will be held wherever the gyro

was when the command was received.

This mode can be used to keep the pointed instruments relatively well solar oriented in
case of failure in the primary solar-pointing control. Of course, in this mode the gyro
drift makes it necessary to periodically reorient the sail to keep it towards the sun.

Another use for the backup mode is to allow the sail to be pointed away from the sun during
the day (as for torquing the sail 90 degrees and using the pneumatic pitch control for roll

maneuvers).

High-Torque Mode. On a command from the ground, the gyro system can be placed in a mode

in which it rotates the sail either left or right at 1/3 degree per second. This is donec
by torquing the gyro. The procedure is to send a command (SL-12) to start the movement
and another command (SL-13) to stop the movement. The angle of rotation is determined by
the time between the start and stop commands. In addition, the gyro control moves the
sail 0.05 degree in the selected direction each time the SL-13 command is received.

Low-Torque Mode. The low-torque mode provides a means for trimming out gyro drift while

in orbit. A ground-based operator commands an appropriate 5-bit word into storage relays
in the gyro control circuits. This word is converted to an analog signal in the gyro
circuits, and fed into the gyro torque generator to compensate for drift.

The compensation range is *1.5 degrees per hour in increments of 0.1 degree. Once a new
torque-rate command word is set and stored in the spacecraft, the gyro is torqued at the
selected rate whenever it is uncaged. The compensating torque is enabled by command SL-14,
and disabled by command SL-04.

6.6.5.3 Gyro Circuits

A functional diagram of the entire night-pointing control is presented in Figure 6-21.
The circuits to the left of the dotted line are those which are peculiar to the night-
pointing control. Those to the right are common to the gyro and sun-sensor pointing
modes. All components marked with an asterisk (*) are located in the separate gyro-

circuits assembly. Those unmarked components to the left of the line are located in the
OIRU assembly.

Power Circuits. The gyro power circuits are shown in the upper-left corner of Figure 6-21.
The gyro circuits are turned on by means of a ground-commanded latching relay (K1). This
relay applies power to both the OIRU and the separate circuits package.

In the circuits package, the 19-volt power is reduced to 15 volts by a 15-volt regulator.
This regulator is followed by a resistor divider and operational amplifier with a buffered
output stage which generates a precise 7.5-volt signal reference. In the gyro circuits,
only the relays are powered by raw 19 volts. All other circuits are powered by a 15-volt
regulator.
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In the OIRU, the 19 volts first goes through a high-frequency RFI noise filter and then a
low-frequency filter. This latter filter prevents the high current requirements of the
OIRU power supplies from causing excessive noise on the spacecraft power bus.

The 19 volts in the OIRU is used by two power supplies -- a dc supply and a gyro supply.
The dc supply consists of a switching pre-regulator, which generates a regulated 14-volt
dc, followed by a free-running converter which generates filtered voltages of t12, +5 and
-6 vdc. The free-running converter operates at about 20 kHz. The gyro supply consists
of a switching pre-regulator that generates two regulated voltages - one is about 6 volts
for normal gyro operation and the other is about 8 volts for the high-torque starting
requirement of the gyro. The switching from starting to normal voltage is controlled by
a 20-second time delay. Both the pre-regulator in the dc supply and the ac gyro supply
are synchronized with the 20 kHz frequency of the converter in the dc supply.

The output of the 7.5-volt regulator is tied to the signal ground return line of the dc
supply in the OIRU. This is necessary because of the conversions between the PWM power
reference and the OIRU signal reference. In addition, the signal ground and the power

ground in the OIRU are well isolated.

Frequency Generation. The OIRU requires several different frequencies for its operation.

All derive these frequencies from a single crystal-controlled oscillator, consisting of a
McCoy 384-kHz crystal and a pA-710 integrated circuit. The 384-kHz signal from this
oscillator is counted down by a series of flip-flops to produce the following frequencies:
9.6 kHz for the signal generator, 1.2 kHz for the torque generator, 960 Hz (0° and 90°) for
the two-phase gyro motor. The frequency-generator block in Figure 6-21 performs this
count-down and, in addition, switches these frequencies to the proper components according
to mode.

Gyro Motor Drive. Each phase of the two-phase gyro motor is driven by a two-stage transformer-

coupled power amplifier. The power amplifier is supplied by the 6-volt/8-volt regulated
voltage from the wheel supply. It amplifies the 960 Hz (0° and 90°) square waves to drive
the gyro rotor at 24,000 RPM. About 5 to 6 watts of the total power consumed in the OIRU
is used in these circuits.

Signal Generation. The output error signal of the gyro is a function of the angular rotation

of the signal generator attached to the gyro float. The excitation for this signal generator
is a 9.6 kHz sine wave, which is developed from the 9.6 kHz square wave by an ac amplifier
and filter assembly.

The output of the signal generator is an ac signal with an amplitude of about 2.7 volts per
degree of input rotation at a gyro temperature of 134 degrees F. The scale factor varies
greatly with temperature so that at the lowest expected operating temperature, 104 degrees F,
the scale factor is about 0.034 volts per degree.

This ac signal is amplified by the ac amplifier with a gain between 1 and 25. The gain is
selected by the temperature-control circuit. This stage is followed by an ac amplifier
with a gain of 10. The signal is then demodulated by the same 9.6 kHz square wave used to
excite the signal generator.
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This processing results in a signal that has a scale factor of 2 volts per degree when the
gyro is at any of its three temperature-select points (104, 116, and 134 degrees F).

The gain selection is performed by latching relays located in the OIRU that also select
the control temperature.

The output of the demodulator is further amplified by a combination operational amplifier
and non-saturable rate network. The output of this amplifier then goes through the gyro
mode transfer relay (when the gyro is in control) and is fed into the azimuth pulse-width
modulator.

Gyro Torquing. The gyro torque generator is similar to the signal generator. It requires
an excitation on the primary winding and torque is generated by applying an in-phase current
on the secondary winding. The operating frequency of the torque generator is 1.2 kHz.

The primary excitation current has two values, depending upon the mode selected. In the
low torque mode, when only the in-orbit compensation, or low torque, is applied, the
excitation is about 10 ma. In the high-torque mode, the excitation is increased to 135 ma.
Primary excitation is selected by a voltage selector which applies a different voltage (for
each mode) to the modulator. The voltage square wave output of the modulator is amplified
and filtered to produce a sine-wave signal. The sine wave is further amplified by a power
amplifier before being applied, through a transformer, to the primary of the torque
generator.

The reason for the two levels of current is the large difference in the two torquing rates.
The high-torque requirement is 1/3 degree per second while the low-torque requirement is
1/10 degree per hour.

The secondary drive of the torque generator is also supplied through a transformer. This
transformer has two input windings, a high-sensitivity and a low-sensitivity winding. The
low-sensitivity winding is used for the in-orbit compensation and the high sensitivity
winding is used for the high-torque rate and caging.

A series of five latching relays are, by ground command, throwh into the proper state to.
represent the ''ones' and ''zeros'" of the desired drift-compensation word. This word (which
has 15-volt and 0-volt levels) is sent to a ladder network (digital-to-analog converter),
the output of which is an analog voltage proportional to the binary value of the commanded
word. This voltage is amplified by a dc amplifier and modulated at the 1.2 kHz torque-
generator frequency. It is then further amplified and converted to a sine wave before
being applied to the torque-generator transformer. The sensitivity at this point is about
1 degree per hour per milliampere. The high-torque transformer winding is driven by a
power amplifier and an ac amplifier and filter similar to that used elsewhere in the gyro

circuits.

Upon ground command, a latching relay in the gyro circuits package stores the desired high-
torquing direction: left or right. This relay controls the polarity of the output from the
torque-voltage generator. The output is then gated into the torque generator by the high-
torque-on command, or the high-torque-off command (0.05-degree increment). This secondary
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excitation of the torque generator is conditioned on its way to the generator by modulator,
an ac amplifier and filter, and a power amplifier. The square-wave output of these circuits

torques the gyro in the desired direction at 1/3 degree per second.

When the "High-Torque Off" (SL-13) command is received, the 43-degree-per-sccond torquing
stops. This command, however, also triggers a one-shot multivibrator which issues a 150-
millisecond pulse, causing an additional torquing of 0.05 degree. Further 0.05-degree
increments may be executed by repeating the SL-13 command.

Caging Circuits. The output of the gyro, (the 2-volt-per-degree signal) is applied at all

times to a caging amplifier with a gain of about 25. Here it is summed with an offset
compensation signal which has a scale factor of 8 volts per degree. The compensation-
signal channel of the cage amplifier has a gain of about 6.25. Thus, the scale factor

of the amplifier output is the same for both inputs in terms of degrees (2 x 25 = 8 x 6.25).
Since the actual output of the scan generator is not exactly 8 volts per degree, a buffer
amplifier (located in the gyro electronics) is used to scale up the scan-generator output

to produce the proper 8-volt-per-degree output.

The output of the .caging amplifier is applied through an analog switch (FET) to the input
of the high-torque modulator. Thus, the output of the gyro signal generator, when in the
""caging" mode, applies the high-torque signal to the torquer to null the gyro output signal.
With the gyro mode relay in the "normal" position, as shown in Figure 6-21, the caging
signal is switched on and off by the target-intensity level detector. When intensity is
greater than 85 percent, a 15-volt signal from the detector gates the caging signal into
the high-torque circuits. When intensity falls below 85 percent, the detector output

(zero volts) removes the output of the caging amplifier from the high-torque circuits.

When the gyro mode relay is in the '"backup" position, the gyro is always uncaged, regardless
of target intensity. In this mode, the output of the caging amplifier never reaches the
high-torque circuits.

Gyro Control Switching. The gyro control relay, in the gyro circuits package, switches
the gyro error signal into the pulse-width monitor, as shown in Figure 6-21. The power
for this relay is only available when the gyro is on, so that with the gyro off, the PWM

is always connected to the solar-sensor-actuated error signals. The circuit is designed

so that a failure in the relay or its drive circuit causes the relay to de-energize,
putting the azimuth servo in its solar-pointing mode. This feature was incorporated so
that the addition of the gyro would not compromise the reliability of 0SO-7's solar-
pointing control.

The gyro control relay driver can be actuated by any of three conditions:

] When the day-power bus voltage drops to zero volt (night condition)

. When the day-night-bypass-open signal is absent (when D-N Byp is
closed)

. When the gyro backup mode is selected

6-42



)

F72-01
Any of these conditions, when gyro power is on, puts the gyro in control of azimuth pointing.

Temperature Control. The sensor for temperature control is a thermistor located in the

floatation fluid inside the gyro. This thermistor forms one leg of a bridge circuit, the
output of which is amplified by an operational amplifier and used to drive the 5-watt gyro
heater. The heater is wrapped around the outside of the gyro.

The three control temperatures are selected by switching shunt resistors across the
thermistor, thereby changing the bridge null point. This switching is donc by relays that
are controlled by ground command. These relays also control the gain of the signal-generator
ac amplifier so that, regardless of the temperature selected, the nominal scale of the OIRU

output is 2 volts per degree.

There are three temperature monitors associated with the OIRU. The first is located within
the heater blanket wrapped around the gyro. Its output, telemetered in SASC-42Z, is generally
called, "gyro internal temperature'. The second monitor is located on the outside of the
gyro case. Telemetered in SASSC2-05, its output is called 'gyro external temperature’. The
third monitor is located at the opposite end of the gyro in the gyro fluid and its leads

are brought out through the OIRU connector. This monitor is used during preflight testing

of the OIRU but not used in orbit.

Survival Heater. In the early stages of OIRU design, it appeared that the gyro might be

damaged by low temperatures which could be reached in orbit. A survival heater was there-
fore  incorporated into the gyro hardware, to keep the gyro temperature above the danger
point regardless of 0SO's operating mode. Subsequent analysis, after the hardware was
developed, showed that no such danger of damage existed. The gyro was therefore flown
without electrical connection to the survival heater. '

6.6.5.4 Operating Considerations
The most significant operating constraints on the night-pointing control are the effect of
temperature changes on the gyro gain, which require that the correct temperature control

points are commanded; and proper use of the day-night bypass and torquing modes. The
temperature constraint is particularly important, and merits some detailed explanation.

Temperature Effect on Gyro Operation. The OIRU, containing the gyro, is mounted on the

sail with the gyro input axis parallel to the spacecraft spin axis, as shown in Figure 6-22.
The output of the gyro operates through the azimuth servo, to oppose rotation of the sail.
Rotation of the sail about the gyro input axis applies a torque to the gyro floated assembly
about the output axis. This torque is equal to the product of the input rate (w) and the
rotor angular momentum (H). It acts to drive the rotor momentum vector toward the input

vector (w).
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i.e., the gyro float Figure 6-22 Rate-Integrating Gyro

rotation is propor-
tional to the integral of the sail rate; and thus the name, rate integrating gyro. The
term H/B is the gyro gain.

This brings us to the crux of the temperature problem. In the gain figure H/B, the angular
momentum (H) is constant. It is a function of gyro rotor moment of inertia and speed of
rotation. The viscosity, or damping term (B), however, varies by a factor of two for a
temperature change of 11°F. Thus, to keep gyro gain constant, gyro fluid temperature

must be kept constant.

Gain change also adversely affects raster and offset mode compensation. The gains of the
caging amplifier are selected so that the gyro output and offset compensation amplifier
signals have equal weight, so that the compensation signal can correct the position of

the sail when the system switches to night pointing. Gyro gain variations would introduce
substantial night-pointing errors if the sail was not at the zero position when the night
condition occurred.

Ideally, the gyro should be kept at a constant temperature, which would mean heating it
above the highest anticipated temperature. This would require a heater that could raise
the gyro temperature by as much as 50°F and the power requirement for such a heater is
prohibitive.



To keep gyro gain constant under varying orbit conditions with reasonable heater power, the
gain of the gyro output amplifier is adjusted to compensate for temperature within the
expected gyro temperature range (83 to 104 degrees F). Three temperature control points
(104, 116 and 134°F) were chosen. Thus the heater need only bring the gyro tecmpecrature

up to a control point. The ground commands which select these control points also adjust
the gain of the gyro output ac amplifier, so that overall gyro gain is the samec at any of

these three temperatures.

In orbit, a control temperature must be selected which is next above the unheatcd opcrating
temperature. If the heater was not working or if it was desirable to leave it off becausc
of a power-budget problem, selecting the control point closest to the average gyro
temperature would keep the gyro gain within acceptable limits. In this way, the error
introduced by offset compensation would be kept under 0.5 degrees of arc.

Day-Night Bypass Mode. A special operating constraint exists when the day-night bypass

relay is commanded closed. In this condition, the system is always in the gyro mode to
prevent spin-up of the sail when the day power bus is energized during orbit night. During
the day, however, in the gyro 'mormal' mode, the gyro cages when the target eye senses sun
intensity greater .than 85%. When the gyro is both caged and in control, the sail drifts
rapidly away from null. Eventually the target eye senses sun intensity less than 85 percent
at that point the gyro uncages and pointing is stabilized 3 degrees off null. Thus, when
the day-night bypass is closed, and the system is operating in the gyro '"mormal' mode, the
PIA cannot be pointed at the sun.

One could solve this problem by commanding the ''gyro backup'" mode, wherein the gyro never

cages. However, this requires that the sail position be monitored and corrected to ensure
that the spacecraft batteries receive sufficient charge from the solar-cell array. Unless
the night-pointing mode is specifically required, it is best to turn off the gfro when the
Day-Night Bypass is closed. Then the pointing control will operate as it has on previous

080s (that is, the sail will be solar-oriented during day and will spin at the wheel spin

rate at night). ‘ '

Torquing Modes. The 1/3 degree-per-second torquing is started and stopped by command.

If the observatory goes out of range of a control station before the '"stop" command is
sent, the gyro will continue torquing and the daytime 'caging' function will be disabled.

If the gyro is in the "backup'" mode when this happens, pointing control will not revert
to the solar sensors during orbit day, and the spacecraft batteries will not be recharged
by the solar-cell array.

6.7 LAUNCH-SEQUENCE CONTROL
The launch-sequence control automatically changes the observatory from the launch configura-

tion to orbit configuration. It performs its control functions at prescribed times and in a
particular sequence.

’
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A feature of the 05S0-7 launch sequence is that the launch vehicle did not spin up the
spacecraft before separation. Equipment on the satellite brought it to its normal
(solar-oriented) position, even though it was tumbling at separation. The sequence that

follows is for a normal launch and separation. Backup procedures also arc summarized.

All of the timed functions are controlled by two vehicle events (fairing jettison and pay-

load separation) and by a time-delay relay in the launch-sequence control circuits.

6.7.1 Launch-Sequence Events

The major events that occur during the launch sequence are summarized in the following

paragraphs:

Fairing Jettison (T+227 Sec). When the fairing is jettisoned, it pulls a jumpered

electrical connector from the wheel, with a lanyard. The sail then begins to spin-up.
The final sail spin rate is about 33 rpm.

Spacecraft Separation (T+1996 Sec). Spacecraft separation from the launch vehicle causes

the following:
° Day power is applied to the observatory.

. Sail spin-up drive is removed, and the pointing control starts

operating in the normal coarse-acquisition mode.
] A 180-second wheel spin-up gas burst starts.

Solar Acquisition, Elevation Frame and Nutation Damper Release (T = ~2030 Sec). The sail

completes solar acquisition and the subsequent 'on target' signal causes the elevation latch
mechanism and the nutation damper cage mechanism to release. These are squib-actuated
functions.

Wheel Spin-up Complete (T = ~2176 Sec). The transfer of momentum from the sail to the
wheel plus the 180-second wheel spin-up gas burst causes a final wheel spin rate of about
29 rpm.

Experiment Squib Fire (not a timed function). The sail squib batteries furnish electrical
power for the NRL and GSFC experiment squibs. The NRL squib causes the occulting disc boom

to extend. The GSFC squib unlatches the spectrometer grating. These functions are per-
formed when desired by command from a STADAN station.

6.7.2 Launch Sequence Operation

Liftoff Condition. Figure 6-23 shows the state of all relays and the separation switches
when in the "liftoff" condition. Launch power is present at all points indicated on this
diagram; day power is not on at 1iftoff.
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The l1liftoff state is verified on the following telemetry channels:

WASC-20. This channel indicates that separation switches 1, 2, and 4 are

in the positions shown in Figure 6-23.

DSF Word 42, Bit 2. This bit reads '"0'", indicating that the time-delay

relay is 'enabled".

SASC-8. This channel verifies the 'disabled" state of the launch-sequence
backup relay.

SASC-30. This channel verifies the ''disabled" state of the experiment
squib power relays.

Liftoff does not cause any change in these telemetry indications. These conditions exist
until the fairing is jettisoned.

Normal Circuit Operation. At fairing jettison (T = 227 seconds), the fairing quick-

disconnect connector is pulled, allowing the launch-sequence relay to de-energize (see
Figure 6-23). This applies spin-up drive to the azimuth servo. At this time WASC-20
indicates the closure of the launch-sequence relay. The sail continues to spin-up until
about 40 rpm is reached, then its spin rate is held constant until separation from the
launch vehicle. Unlike earlier 0SOs, the 0S0-7 pointing control is powered from the
launch-power bus, rather than day power. This is due primarily to the addition of the
night-time pointing capability.

When the spacecraft is separated from the launch vehicle at T=1996 seconds, several events
occur. First, the separation switches all transfer to the positions opposite those shown
in Figure 6-23. This removes the drive signal from the servo. WASC-20 indicates this
function. Second, when separation switches 1 and 2 operate they supply power to the
180-second time-delay relays. A schematic diagram of the time-delay relay driver is

shown in Figure 6-24. When these relays are energized two more events occur:

. The spin-up solenoid is grounded, starting pneumatic spin-up of the
wheel.
° Day power is turned on by the day-night override relay in the spin

control box.

With day power applied, the pointing control starts solar acquisition by despinning the sail.
Sail coarse acquisition is completed at about T=2030 seconds and, after an 8-second delay,
the "on-target' signal switches the servo system to the fine pointing mode. The "on-target"
signal is also fed through an ac-coupled circuit to a pulse-shaping transistor switch. This
switch applies a ground to the nutation-damper squib-firing relay and the elevation-unlatch
squib-firing relay. With the elevation latch released, the elevation servo points the

pointed instruments at the center of the sun. The nutation damper eliminates any nutation
that might be present.
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Figure 6-24 Time-Delay Relay Driver

The 180-second time delay relays complete their functions at about T = 2176 seconds. At
this time the relay contacts open and the spin-up valve closes. Also, the day-night eye
override signal line is de-energized. Now the wheel spin rate is about 29 rpm. The
automatic day-power circuits, therefore, operate normally, keeping day power on. ' (The
threshold of this circuit is 20.2 rpm.)

Launch-Sequence Backup. If the normal sequence does not release the elevation unlatch

and nutation uncage mechanisms, they are released by command as shown in Figure 6-23.
The command-operated launch-sequence backup operates in parallel with the circuits
described above.

Experiment Squib Operations. After a proper orbit is verified, the experiment squibs are

fired by ground command.
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Correction of Excessive Pitch Error at Injection. If, for some reason, the injection

error puts the wheel plane greater than 15° from the sun, backup operation can be imple-
mented. In this operation, the gyro is used to despin the sail and orient it properly

for correcting pitch. The digital aspect sensor provides readings of the pitch angle.

By observing pitch angle changes brought about by bursts of pitch gas, an opecrator can
deduce the orientation of the sail and which command (up or down) will bring pitch angle
toward zero. The spacecraft is then pitched manually until day power comes on, indicating
that the sun is within 15° of the wheel plane. The presence of day power causes the servo
control to switch to its coarse-solar acquisition mode, thus pointing the sail at the sun.
Further pitch correction is then made either by more manual-pitch commands, or by commanding
pitch control to the automatic mode.

6.8 NUTATION CONTROL
Because the primary mission of the spacecraft is to provide a stable platform from which

the pointed experiments can operate and also to allow the wheel experiments to sweep the
celestial sphere uniformly, a nutation damper is used. The principal sources of nutation

are:
. Launch sequence operations: separation, initial solar acquisition
of the pointed experiments, and initial pitch corrections.
° Normal orbit-morning solar acquisition, due to elevation motor
torque during sun acquisition.
] Normal pitch corrections, due to pitch jet activation.
6.8.1 Description and Operation

The nutation damper is mounted on the sail. It consists basically of a bob supported by a
wire and immersed in a bath of silicone oil (Figure 6-25). This type of damper is passive
because it requires no energy input (other than the undesired nutational cross-spin energy).

The damper pendulum is a 0.8-pound spherical bob suspended by a steel wire with a length
of 2.98 inches and a diameter of 0.020 inches. The main body of the nutation damper and
the bellows contains silicone oil. The bellows accommodates volume changes of the o0il due
to temperature variations, and maintains the oil under positive pressure.

The bob is caged with the squib-actuated caging plunger which holds it against a caging
seat during the test, transportation, and launch phases. The bob is uncaged at about

T = 2030 seconds by firing squibs in the latch assembly. The spring forces the caging
plunger to the down position and frees the bob. The bob is then able to move in the
oil bath with about a 2-degree amplitude.

The nutation damper dissipates cross-spin energy by converting it to heat caused by fluid
friction as the bob moves in the oil bath. Nutation damper performance is evaluated by
analyzing pitch readout data.
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The nutation damper is designed for spin rates from about 0.43 to 0.68 rps, and is most
effective near the center of this range.

6.8.2 Design Requirements

General Design Requirements. The general design requirements for the 0S0-7 nutution

damper were as follows:

. Damping rate: time constant of 1 to 3 minutes for the exponential
decay of the nutation amplitude, for initial values of less than
20 minutes of arc.

[ Undamped natural frequency: tunable for a moment of inertia ratio
from 1.0 to 1.2 and a spin rate of 0.5 rps.

° Maximum anticipated external torque: 1 1b-ft (reaction of the
elevation servo motor upon the oriented section of the platform
during the initial acquisition of the pointed experiments).

. Minimum allowable residual nutational amplitude: 1less than 1 arc
minute.
. Temperature range: -10 to 50°C

Spacecraft Nutational Frequency. When the observatory is in the oriented condition, the

frequency of nutation (P) is given by:

P = Tw
IaIb '
where: 1 = Wheel spin moment-of-inertia (MOI)
Ia and Ib = Principal transverse MOIs
w = Wheel spin rate (rps)

Damper Frequency. The formula for the natural undamped frequency of the nutation damper

in a gravity field is as follows:

2 1/2
EIw + 0.405WeL
P' = 34.4 > >
WL(L® + 2.467p°)
where: P' = natural undamped frequency of damper in gravity field
E = modulus of elasticity of the spring wire
Iw = moment of inertia of wire = nd3/64 for circular wire and dw = wire
diameter

W = weight of pendulum bob
W, = effective weight of the pendulum bob immersed in the damping Iluid

(actual weight minus the weight of the displaced fluid)
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-
i

length of pendulum arm (wire)

radius of gyration of pendulum bob about its transverse axis

jel
i

The double-signed term in the above equation takes into account the effect of mounting

the pendulum in either an upright or inverted position in the gravity field; that is, the
(+) is for upright and (-) for inverted. In the gravity-free environment of orbital flight,
the double-signed term becomes zero and the equation becomes:

EI 1/2
P'' = 1.745 E— 5
ML (L™ + 2.467p")
where: P'' = natural undamped frequency of damper in zero gravity field

M

mass of pendulum bob

Damper Tuning and Effect of Spin Rate Variation. The tuned natural frequency of the

damper should be equal to the spacecraft nutation frequency for maximum effectiveness.
However, the spin rate and thus the nutation frequency will vary in flight up to 20 percent
from nominal. The effectiveness of the damper with changing nutation frequency is shown in
Figure 6-26. The worst-case requirement for the damper is to reduce the nutation following
a maximum offset step to 0.1 degree in less than 120 seconds. An analysis shows that this
requires a time constant of about one minute. This requirement is met for spin rates of
0.5 to 0.56 rps.

The effectiveness of the damper will vary with temperature and other parameters. In
general, deéreased temperature (i.e., increased viscosity) will increase the damping time
constant. Other parameter variations also will cause slight shifts about the nominal
curve. Therefore, the nominal tuning frequency was selected off center in order to
compensate for the skew of the curves and to produce about equal damping constants at the

two extremes of spin rate.
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Section 7
POWER SYSTEM

7.1 GENERAL DESCRIPTION

A simplified schematic of the power system is shown in Figure 7-1. Five identical solar
array panels with a total area of about 10.3 square feet produce about 97 watts of
electrical power during the unocculted portion of the orbit. The array panels are
connected through isolation diodes directly to the continuous (battery) bus.

Electrical energy is stored in four strings of cylindrical nickel-cadmium cells, each
string consisting of 14 four ampere-hour cells. The charging path of up to two strings
of cells may be interrupted by ground command. All of the cell strings are able to
deliver current via bypass diodes to the continuous bus, regardless of the position of
the command relay. Each string of battery cells is equipped with a cell balance (shorted
cell) monitor which indicates the deviation of the potential of the midpoint in the cell
string from half of the string terminal voltage.

Solar array and spacecraft currents are monitored by telemetry. Power through the con-
tinuous bus is supplied to essential loads such as the command receiver and wheel decoders.
The balance of the observatory power passes through the undervoltage relay which protects
against unforeseen heavy current drains and discharge of the battery below 16.2 volts.

Day and night power is switched by a relay controlled by the spin control electronics,

using signals from the spin solar sensors.

‘Dummy loads are selectable by command to regulate the battery charge rate when observatory
loads are less than nominal. The dummy loads draw power only during the day. " Any interrup-
tion in the launch power (such as an undervoltage condition) allows the dummy-load hold-in
relays to open, automatically disconnecting the dummy loads until they are again enabled by

command.

Each experiment is controlled by a separate turn-on command relay; the sail experiment
power also passes through the sail day-power command relay which provides protection

against inadvertent turn-on of the experiments.

Each experiment is equipped with a dummy load. When the experiment is off, the load con-
sumes about the same amount of power as if the experiment were on. The experiment dummy
loads can be disabled by ground command.

7.2 OBSERVATORY POWER BUDGET

The power budget section is covered in three parts: the solar array output calculations,
the observatory loads, and the power margin.



2T1BWSYDS WolsLS 19MOJ [-0SO POTFTTAUTS

1-, 9an314
ana
) 318VSI0
= awd 14 /6 /a (0451 ON9 =
dS) QN =
(W81~} (dA1) ¥OLSIS3Y LNIOd 3T9NIS
o2 NI GT0